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Preface 


Physical chemistry forms aa integral part of nearly all the branches of 
science, technology and engineering. Even in an elementary course of 
physical chemistry, a large number of concepts and definitions have to be 
introduced. It is no wonder that students, specially those who are some- 
what weak in physics and mathematics, find it difficult to grasp the 
subject. From our class-room experience with students, we have found 
that they learn physical chemistry more easily if they solve numerical 
problems based on the applications of these concepts. Furthermore, the 
definitions and concepts have to be learnt precisely. And also exercises 
involving the choice of correct answer from seemingly similar statements 
definitely sharpens the understanding of the subject. 

This book aims at preparing students to learn the basics of physical 
chemistry through numerical problems and quiz questions. The book is 
divided into 23 chapters. Each chapter provides brief but sufficient 
coverage to definitions of quantities, development of concepts and deri- 
vation of important equations. These are further elucidated by suitable 
solved examples as the subject is developed. This also gives the reader 
a feeling for the magnitudes of various physico-chemical quantities. A 
sct of problems is then included for the sake of practice. Finally, 
different types of quiz questions (multiple choice type, true or false 
statements type, and fill in the blanks type) are given so that the student 
can check if he has really understood the subject. The answers to 
different types of questions are given at the end of each chapter. 

The book encourages the use of SI units. However, it is not 
uncommon to find data in non-SI units in various university and public 
examinations. Therefore, we have also given problems based on units 
other than SI units. We have explained the interconversion Of units at 
the appropriate places. 

The book is meant for BSc and BSc (Hons) students of Indian 
universities. It can also be of use to MSc students and candidates 


` appearing for various public examinations. Suggestions and comments 


for the improvement of the book by the readers will be most welcome. 


DVS JAIN 
S P JAUHAR 
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Physico-Chemical Quantities 
and their Measurements in 
Physical Chemistry 


Physical chemistry deals with the quantitative description of physico- 
chemical systems. In general such a system can be any part of the univer- 
se under study. In practice it consists of matter and/or radiation whose 
composition and. other parameters are independent of time if it is in 
equilibrium. For a system not in equilibrium these change with time, 
The system may have boundaries which may be permeable to matter, 
energy and radiation or to any of their combinations. We shall learn 
more about these in later chapters. Fora System in equilibrium this 
amounts to the specification of all physico-chemical quantities. These 
may be measured directly, or detived from other measured quantities. 
In some cases, they may be calculated theoretically. As the properties of 
the system are inter-related, it is not necessary to specify all of them 
for complete characterization, For time dependent systems, evolution in 
time has to be described. The rate at which they reach the equilibrium 
state constitutes an important area of physical chemistry, 


1.1 UNITS 


The measurement and calculation of physico-chemical Properties and their 
interdependence is the essence of physical chemistry. The value of a 
physical quantity is always equal to the product of a numerical value and 
aunit. Naturally, we must have a convenient system of units for assign- 
ing numerical values to the measured or calculated quantities. Fortunate- 
ly, it turns out that it is sufficient to define some basic units like time, 
mass, length, etc. Units for other quantities can be derived from these 
basic units and hence are called derived units. Ip recent years, scientists 
have generally agreed to the use of SI (Systeme Internationale) units, 
although a number of units used earlier are still in vogue. In this book 
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we shall mainly use SI units. Problems and examples based exclusively on 
SI units are preceded by the indication (SI units). However, in view of 
the use of different types of units during the transition period, it is desir- 
able to know the.use of other units, especially their inter-conversion. 
The factors used in conversion are shown in bold letters to help the 
readers get acquainted with them. 


1.2 SI UNITS 
In this system, we define the following basic units: 


Mass 


The unit of mass is the kilogram (kg), defined as the mass of a platinum 


block stored at the International Bureau of Weights and Measures in 
France. 


Length 


The unit of length is the metre (m), defined as 1650763.73 wavelengths 
of the radiation of krypton-86 transition from 2p1ıo to Sd;, in vacuum. 


Time 


The unit of time is the second (s), defined as 9.192631770 X 10° periods 


of the radiation of Cs-133 transition between two hyperfine levels of the 
ground state. 


Temperature 


The unit of temperature is the kelvin (K) defined as the fraction 1/273.15 
of the thermodynamic temperature of the triple point of water. 


Current 


The unit, of current is the. ampere (A). which is ‘equal to the constant 
Current maintained in two. straight, parallel conductors.of infinite length, 
and negligible cross scction, placed 1 m apart in vacuum, which would 
produce a force equal to 2 x 10-? newton per metre. 


Amount iin Abe ae 


The mole (mol) is the amount of substance in a,system which contains, as 
_many elementary entities as there are atoms*, in.0.012 kg of carbon—12. 


*The number is equal'to the Avogadro number (N, = 6:022 x 1023), 0> | $ 


‚The elementary entities ma ient; i i 
he ele e ay be chosen as convenient: not necessarily:as physicall 
real individyal particles. Thus, we have : ie 


n(Cl) — amount of chlorine atoms 3 
*n(Cl,) — amount óf chlorine molecules VES shire Meaty 
$ E HAR od A : aida ' TE TN 
L a(S MnO.) — amount of entities EMO ennet tog AAN ised 
For the amount of aisubstance, wẹ tise«mole’ inthe text. and mollin equations 
and the symbol for its unit. 


4 Jäi 
En rfees bsa atag ta aydrn s tauot th 
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When the mole is used, the elementary entities must be Specified. They 
may be atoms, molecules, ions, other particles or specified groups of such 
particles. 


Luminosity 


The unit of luminosity is the candela (cd), equal to the intensity in the 
perpendicular direction of the surface of 1/160000 Square metres of a 
black body at the temperature of freezing platinum, under a pressure of 
101325 newton per square metre. 

Besides the above basic units, we also have the following supplement- 
ary SI units: 


Plane Angle 


The unit of plane angle is the radian (rad), equal to the angle between 
two radii of a circle which cut off, on the circumference, an arc of length 
equal to the radius. 


Solid Angle 


The unit of solid angle is the steradian (sr) which corresponds to an angle 
having its vertex at the centre of a sphere and cutting off an area, on the 
surface of the sphere, equal to that of a Square with sides equal to the 
radius of the sphere. 


1.3 DERIVED UNITS 


The units of other physical quantities can be derived from the basic 
units explained above. The names and symbols of some selected quanti- 
ties are given in Table 1.1 ` 


TABLE 1,1 The Derived SI Units of Some Selected Physical Quantities F 


Physical quantity Name Symbol for Definition of SI unit 
Wah An eee ee aj veils Auni i awe halts As. eat i 

Force newton N 

Pressure pascal Pa 

Energy al:a > sone yA Hotgouleat of jand 

Power i -watt.. .. W Z 

Electric charge ,_ coulomb C As i 

Electric potential difference volt y kg mês- A-1 =J A-15-1 

Electric resistance ohm Q kg m? s73 A-t 2 y A-1 

Electric conductance siemens S kg-1 m=? s3 A?-— y-1 4 

Electric capacitance farad F Ats* kg-? m-2 = A s V-1 

Magnetic flux weber Wb . kg m*s-*A-12Vs5 

Inductance henry H kg m*s-2 A-2 = V A-1g 

Magnetic flux density tesla PETI kg $-2 A=1 = V s m- 

Luminous flux lumen n Lm Cd sr, 

Illumination lux Ix Cd sr m- 


Frequency hertz Hz ST 
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1.4 PREFIXES 


J units of some of the physical quantities discussed above are either 
re ‘a too large. To change the order of magnitude, these are pre- 
e e, hai refixes. With the help of these prefixes it is possible to 
S h an 10718 to 10'8. These are listed in Table 1.2. 
va 


TABLE 1.2 List of Prefixes 


Panton Symbol Name Origin 

d deci Latin decimus (ten) 
a centi Latin centura (hundred) 
nas S milli Latin milli (thousand) 
Pa micro Greek micro (small) 
ab A nano Greek nano (dwarf) 
Ka p pico Italian pico (small) 
i F femto Danish femten (fifteen) 
PIS a atto Danish atten (eighteen) 
K da deca Greek deca (ten) 
102 h hecto Greek ekatov (hundred) 
103 k kilo Greek kilo (thousand) 
10° M mega Greek mega (great) 
10° G giga Greek giga (giant) 
1012 T tera Greek tera (monster) 
4015 P peta A 
1018 E exa 


*Tera can be considered to be derived from the tetra minus consonant ‘t’ meaning 


10**4 — 1012, Similarly, if we omit one consonant each from penta, it becomes peta 
(108%5 = 101%), and hexa becomes exa (103*# = 1013), 


1.5 IMPORTANT NOTES ON THE USE OF SI UNITS 


In order to avoid confusion in the use of SI units, it is useful to 
remember the following: 


— Unit combinations should be designated by means of either a dot 
or leaving space in between, e.g. m.K. (or mK) for metre kelvin 
and not mK which stands for milli kelvin. 

Words and symbols should not be in mixed forms. Thus, it is not 
proper to use J per mole; this should be written either as joule 


per mole or J mol. If mathematical Operations are indicated, 
only symbols should be used, e.g. J mol 1 and not joules mol-, 


Exponents also operate on prefixes. e.g. 
1 cm? = 10-m? + 10-2m2 
1 mm? = 10m? + 10-8m3 
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16 MICROSCOPIC AND MACROSCOPIC APPROACHES TO 
PHYSICAL CHEMISTRY 


There are two distinct approaches to the study of physical chemistry. In 
the first, called the microscopic approach (or synthetic approach), one 
starts with elementary particles. We first study the properties of atoms 
and molecules experimentally, by various spectroscopic and diffraction 
methods, or calculate them theoretically by the method of quantum 
mechanics. The collection of molecules lead to various states of aggrega- 
tion like solid, liquid or gas. The properties of these can be calculated, 
in principle, by the methods of statistical mechanics, if we know the 
properties of the individual molecules and the nature of the interactions 
between them. This approach is aesthetically very beautiful and intellec- 
tually highly satisfying, but somewhat difficult to the uninitiated as it 
involves many abstract concepts 

In the second approach, called the macroscopic approach (or analytical 
approach), the matter in bulk is subjected to direct observations and 
the molecular basis of these observations is found. For example, Boyle's 
law for a gas, established on the basis of p-V measurements at constant 
temperature, is justified in terms of the kinetic theory of gases postulating 
that the gas consists of a large number of molecules moving in a random 
fashion. This approach is easier for the beginner as he can have a direct 
feeling for the system under investigation. Laws of thermodynamics are 
applicable to matter in bulk, without regard for structure. Nonetheless, 
both approaches are intimately connected, and a physical chemist moves 
back and forth from one approach to the other. Thus, the structure of 
matter and the energy distribution between molecules leads to a deep 
understanding of the laws of thermodynamics. 


1.7 SOME COMMONLY USED NON-SI UNITS AND THEIR 
CONVERSION 


The use of SI units has been accepted by most of the national and inter- 
national societies in their publications. Most of the scientific journals 
recommend the use of SI units and symbols. However, some of the non- 
SI units (e.g. force, pressure and energy) are still in use. Moreover, 
physical quntities in older literature are also expressed in such units. 
It is, therefore, necessary to be familiar with some of the important units 


and their interconversion. 


Force 
N dyn kg f 
1 10° 0.102 
10-5 1 1.02 *10-8 


9.81 9.81 x 108 1 
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Pressure 
N/m? dyn/cm? kg f/m? bar atm torr (mm Hg) 
iho 10 0.102 105° 9.87X 10-8 7.5 x 10-8 
0.1 1 1.02x10-? 107° 98.7X10-7? 7.5X10-* 
9.81 98.1 1 9.81 10-5 9.68 10-5 7.35 x 1077 
10° TENOS 1.02x10¢ 1 0.987 7.5% 107 
1.01105 1.01X10° 1.03X10* 1.01 1 7.6 X 107 
1.3310? 1.3310* 13.6 1.33X10-? 1.31X10-3 1 

Energy 

J erg cal eV latm 
1 107 0.2389 1.0364 10-5 0.98689x 10-2 
1077 1 2.389 x 10-8 1.0364 10-12 0.98689 x 10-9 
4.184 4.184x 10? 1 


4.337 10-5 0.04129 
9.648 104 9.64810 23.06x10% 1 0.95223 x 10% 


11.961 1.1961 10® 2.859 1.240x10-* 1 


where dyn stands for dyne, kg f for kilogram force, atm for atmosphere 
cal for calorie, and eV for electron volt. > 


Neen 


2 


The Ideal Gas and its Kinetic 
Molecular Model 


Matter exists in three different physical states: solid, liquid and gaseous. 
Of these, the gaseous state is the simplest and easily amenable to mathe- 
matical analysis. The measurable properties of gases, such as pressure, 
volume, temperature and mass, are interrelated through simple gas laws. 
Attempts were made to explain these laws in terms’of the kinetic mole- 
cular theory of gases, and to study deviations from them. 


2.1 GAS LAWS 


Boyle’s Law 
This states that the volume (V) of a given mass of a gas at constant 
temperature T) is inversely proportional to its pressure (p). 


peek : (21)- 
P . 
or pV = constant (at constant T and mass) 


Gay-Lussac’s (or Charles’ Law) 


This states that the volume of a given mass of a gas at constant pressure 
is directly proportional to the absolute temperature. 


Vice T (2.2) 
WV 
or T = constant (at constant p and mass) 


Avogadro’s Law 
According to this law, equal volumes of all gases; under similar condi- 
tions of temperature and pressure, contain equal number (N) of mole- 


cules. : 
V œ N (at constant T and p) 
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r 


x where N, represents Avogadro’s 


(2.3) 


But the number of moles, n = 


number. 


Von 


Dalton’s Law of Partial Pressures 


According to this law. the total pressure exerted by a mixture of two or 
more non-reacting gases in a definite volume, at any given temperature, 
is equal to the sum of the partial pressures which each gas would exert 
if it occupied the same volume alone, at the same temperature. 


P= Pi ht.. (2.4) 
where p is the total pressure and py, Pe, ... are the partial pressures of 
different gases in the mixture. 

Graham’s Law of Effusion 


This law states that, at constant temperature and pressure, the rates of 


effusion of various gases vary inversely as the square roots of their 
densities or molar masses. 


. : ai Ts 
Rate of effusion NE oc dit (p « M) 
For two gases of density pı and p; (or molar masses M, and M,) which 

effuse at rates rı and ro, respectively, 


EN CT a ae 
Ta N Pi Mı Ra 
EXAMPLE 2.1 (SI units) A certain mass of an ideal gas has a volume of 


5 m? at a pressure of 1.01 X 105 N m™. Calculate the pressure required 
to compress it to a volume of 0.5 dm? at the same temperature. 


Solution At constant temperature, 
PV = constant or pV; = p: Va 


Pi = 1.01 X 105 Nm”, V, = 5m? = 5 X 103 dm3, V, = 0.5 dm3 
pa = Ya _ (L01 X 10° Nm) x (5 x 103 dm?) 
Va 0.5 dm? 
= 1.01 X 10° Nm= 

EXAMPLE 2.2 A sample of gas occupies 300 dm? at 27°C and 750 torr 
pressure. ; 

(a) Calculate the contraction in vol h i 

t 

ey ec ee La ume when the gas is cooled to 


(b) Calculate the change in volume . 
when the pressure 
150 torr at the same temperature. p is reduced by 


Solution (a) At constant pressure: 
y 


V, y. 
-p = Constant or -= = "2 
a Tı Ta 
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Vı = 300 dm’, T, = 273 + 27 = 300 K, 
T, = 273—33 = 240K 
ne Va 300 dm? x (240 K) 
Te 300 K 
= 240 dm? 
Thus, contraction in volume = 300 — 240 = 60 dm. 
(b) Since temperature is constant, 
pV = constant or piVi = p2V2 
pı = 750 torr, V, = 300 dm, 
P = 750 — 150 = 600 torr 


ia PV (750 torr) X (300 dm?) 
: Di de (600 torr) 
= 375 dm? 
Thus, change in volume = 375 — 300 = 75 dm. 


EXAMPLE 2.3 (SI units) A perfectly elastic spherical balloon of 0.2m 
diameter was filled with hydrogen at sea level, and released. What will 
be its diameter when it has risen to an altitude where the pressure is 
65.6 kPa ? (Assume no change in temperature. Atmospheric pressure at 
sea level is 101.3 kPa). 


Solution The volume V of a spherical balloon of radius r is given by 


x Ty = 


y = + mr? 
At sea level, volume Vi = oa mri 
eoe N= + x (0.1) 
Pressure at sea level, pi: = 101.3 kPa = 101.3 x 10% Pa 
Volume at the altitude, V2 = $ are 
Pressure at the altitude, po = 65.6 kPa = 65.6 X 108 Pa 
According to Boyle’s law (temperature constant), (2.6) 
PV = PV 
or y= ri 
P2 


4 _ a (101.3 X 10? Pa) x 47 X (0.1 m)? 
as 65.6 X 10° Pa 
101.3 x (0.1)? 
or n= ge ed 


= 1,544 x 107? m? 


ra = (1.544 x 1079)" 
= 0.1156 m 


or 
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Thus, diameter of the balloon at the altitude = 0.1156 x 2 = 0.2312 m. 


EXAMPLE 2.4 (SI units) Twenty-five dm? of sulphur dioxide effuse 
through a porous partition in 75 s. What volume of oxygen will effuse in 


90 s under similar conditions ? Molar masses of SO, and O, are 0.064 kg 
mol™ and 0.032 kg mol“, respectively. ° 


Solution According to Graham’s law of effusion, 
y 1 
f M 
rı M, 
or —— 2 
To Mı 


Volume of sulphur dioxide = 25 dm? 
Time taken = 75 s 


Rate of effusion, rı 


Il 


25 

— 3 -1 
75 dm? s 
Let volume of oxygen = V 

Time taken T 90is 


Rate of effusion of Oz, r3 & 5 dm? s71 


Molar mass of SO, M, = 0.064 kg niol-1 
Molar mass of 02,M, = 0,032 kg mol-1 


25/15 _ [0.032 
v/90 0.064 
25. x 20 L. [ 0:032; 
75 NE 
1s re 25% Lay 
= 30 X 1.414 
= 42.42 dm3, 


2.2 EQUATION OF STATE 
State. This gi 
perature and 

PV = nRT 


for all gases 5 
i e 
the variables involved, the unit Shas aED tad ay Bs 
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p24 (force/area) volume _ pe a 
Te make = force length K~ mol 


= energy K~ mol 


R= 


The different values of R in terms of different units of pressure and 
volume are i 
0.08206 | atm K~ mol (p in atm, V in J) 


8.314 x 10? erg K~! mol (p in dynes cem™, V in cm’) 
1.987 cal K7? mol" (p in cal cm=8, V in cm’) 
(SI units) 8.314 J K+ mol (p in N m™ or Pa, V in m?) 


Equation (2:7) can also be written as 
pV = Nk, T (2.8) 


as 7 $ 
where k, = p known as the Boltzmann constant, which is the gas 


constant per molecule. 

Real gases obey Equation (2.7) only at low pressure and high tem- 
perature ard the equation is called the ideal gas equation or perfect gas 
equation. To account for the behaviour of real gases, several modifica- 
tions have been made in Equation (2.7). 


2.3 STANDARD TEMPERATURE AND PRESSURE 


The properties of a gas depend upon the temperature and pressure. 
Hence it is convenient to specify a: particular temperature and pressure 
for comparison of different gases. The standard conditions of tempera- 
ture are abbreviated as STP and are 

Temperature = 0°C or 273.15 K 

Pressure = 1 atm or 760 mm Hg or 760 torr 

or 101325 Pa (SI units) 

Pressure is still expressed in terms of atmosphere and torr for many 

scientific measurements. 


2,4 MOLAR MASS OF AN IDEAL GAS 


Molar mass (earlier known as molecular weight) of an ideal gas can be 
obtained by rearranging Equation (2.7) into the form 
‘pV = nRT 
or Pom: any 
m/M RT _ PRT sma 
Ni ( VERE ) 


ll 


a m =P (2.9) 


12 Physical Chemistry: Principles and Problems 


In practice, the densit 
fixed temperature, 
intercept obtained b 


y of a gas is measured at different pressures and 
and a’ graph is plotted between p/p and p. The 


y extrapolating to zero pressure is equal to M/RT, 
Pe. 
limit 2 og 
fe Pi WRIT 
From this, molar mass M is calculated as 


m=rr(2) 
P /p=0 


PV=nRT o V= mr 
2 mol, T = 300 K, 
8.314 NmK- mol 
y — (2 mol) x (8.314 NmK~+ mol™) x (300 K) 
(2.5 X 10° N m7?) 
= 19.95 10-3 m3 Or 19.95 dm3 
EXAMPLE 2.6 (ST units) The density of 


air at 298 K and 101.325 kPa 
is 1.161 kg m=, Assuming that air behaves as an ideal gas, calculate 
the average molar mass of air, 


Solution Molar mass, M = ORT. 


n 


R 


Il 


p =2.5 X 10° Nm, 


Il 


ll 


p 
P = 1.161 kg m-3, 
kPa = 101.325 X 10? Pa 


R = 8.314N m K= mol“ 


mM = {1-161 kg m™) (8.314 N mga 
(101.325x 10° N m~ 


T = 298 K, B= 1077325: 


mol) x (298 K) 
*) 
(I Pa = 1 Nm=) 


- Thus, in SI units molar mass is used 
n CGS units. - For example, molar mass of 
2 g mol-1 (CGS units). 

n a high-vacuum 


is desired, Calculate the numbe 


System, pressure as low as 10-8 mm Hg 
the system. 


£ of molecules left Per cm?, at 0°C in 
Solution Let us fi 


y rst calculate the number of moles left, using the ideal 
gas equation, 
PV = nRT Or jase BA 
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-8 
p = 10° mm Hg = 10> atm, T* = 273 K, V = 1 cm? 


760 
= 1x10]. 
and R = 0.082 l atm K mol" 
10-°x 1x 107% 
760 X 0.082 X 273 
Now, number of molecules per cm’, V=n X N, 
where N, = 6.022 x 10” 
_ _10-8x1x10% $ 
N = 769x0.082x273 022X10 
= 3.54X 108 molecules per cm? 


n= mol cm~? 


2.5 KINETIC THEORY OF GASES 


To account for the experimental observations (gas laws), a model was 
proposed known as the kinetic theory of gases. It was put forward by 
Bernoulli and was further developed and extended by Clausius, Krönig, 
Maxwell, Boltzmann and others. The main postulates of this theory are: 

1. All gases consist of a very large number of minute particles 
called molecules. ; 

2. Molecules are separated by large distances. Their volume is so 
small that it may be considered negligible in comparison to the total 
volume of the gas. 

3. Molecules are constantly in rapid motion. During their motion, 
they collide with one another and also with the walls of the container. 

4. Collisions of molecules with each other and with the walls of the 
container are perfectly elastic. However, there may be redistribution 
of energy during such collisions. 

5, Pressure exerted by the gas on the walls of the container is due to 
the bombardment of gas molecules on the walls. 

6. There is no interaction, attractive or repulsive, between molecules 
except at the time of collision. 

7, The average kinetic energy of molecules is directly proportional 
to the absolute temperature. 


2.6 KINETIC GAS EQUATION 


From the postulates of the kinetic theoty of gases, a mathematical 
expression can be derived known as the kinetic gas equation, Consider 
a ceftain gas made up of N molecules, each of mass m, enclosed in a 
cubical vessel of length L and volume V. Let us consider the motion 
of a particular molecule, moving with velocity v which can be resolved 
into three mutually perpendicular components Vx, vy and v,, so that 


*The actual value of 0°C is 273.15 K. However, for the sake of simplicity 273 
has been used in calculations because it does not make a significant difference. 
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v? = yz + p32 + y2 


mY: —(—my,) = 2 my, 
After the Collision, the molecule takes llv; time to Collide with the 
Opposite wall, and it strikes the same face again in 2 J/y, time. Thus, the 
frequency of collisions with one face is v,/2 l, and 


5 the change in momen- 
tum per unit time is 
m v2 

l 


The force exerted by a molecule on the wall is e 
in momentum per unit time (Newton’s law), i.e. 


2 mv, X a or 


qual to the change 


m y? 
AE 
For N molecules, the force will be 
s mv? 
enal a 


if all the molecules are identical then m, = m and equation becomes 


2 
uT 3 2_ mN Vri 
PEA N Eyi 
= Nv 
ti l 


yer: the molecules are not, moving 
with the same velocity.) : Aetea To Imi aH; ya Teia 
‘Now, pressure -on the, walLis equal to force per. unit, areas If area 
of wall is 12, then Pressure exerted is AURA Arteaga. ai 
mN = — 
O TE E Os Sy) 


But molecules 


i in the gas are moving in ail directions With equal pro- 
bability, Hence, : 

Maa EO ca 
Therefore, i 


y=.: 


or: i V= mn 


oe ie nA 
So ks 
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But mean square velocity () is equal to the mean square speed (œ) 


Thus, 

pV = mNë 
This is called the kinetic gas equation. All the gas laws can be deduced 
from this equation. 


2.7 KINETIC ENERGY AND TEMPERATURE 


The average kinetic energy per molecule e is defined as 


a =m 
z 2 
so that 
1 2 2 .- 2 tasg 
pV on mNc = ae Ne = EY nNac k 
where N=nN, 


But Naex ~ is the total kinetic energy per mole of gas, Ex, and pV =nRT, 
so that 


2 
pV = 5 nE: (2.10) 
or Z nE = nRT 
ot Er = 4 RT (for one mole of gas) (2.11) 


The average kinetic energy per molecule is obtained by dividing both 


sides by Avogadro’s number Na: 


R 
where NI at oS Ragai 
EXAMPLE 2.8 Derive Boyle’s EM Charles’ law’ and Ayogadro’s Jaw 
from the kinetic gas, equation, 


gv Vi fend yé 2smilsi H nii 
Pran Wins roe mNe. poen onde is 0s vorialau Laie sata 
‘Solution (i) Boyle's ie According, to the Kinetic gas equation" » jii 
HRI Ar baAo tt 

P= mN TEEN Aie PESU (1) 


According to one j the postulates of the kinetic peony of gases, 
Average ‘netic energy aT 


i.e., 4 me œT or = mo? = K'T (2) 


where K’ is the proportionality constant 
Introducing Eq. (2) in Eq. (1), we have 
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1 ar T 28 T 
pV = — mNe == 3 NK 


Now, if temperature is constant, for a given mass of a gas (number of 
> 
molecules N remain constant), 
pY = constant 
1 
or pes <7 


This is the expression for Boyle’s law, 
(ii) Charle’s law. It has been shown that 


pV = 2. NK'T 

DON KET 

or ia oe san 
Now, if p is constant, fora 


given mass of a gas (i.e., N is constant), we 
have 


V = constant x T 
or Ves Tr 
This is the expression for Charles’ law. 


Gii) Avogadro's lay Let us consider two gases A and B. For these 


gases, 
PV = + m Nic 

A ri = =x NK'T, 
PV, = + mN& 

oF PVs = = x NKT, 


If we consider similar conditions of temperature and pressure, 
Pi = pand Ti = Ty, we have 


Vata Ni 
V N, 


Now, if volumes are equal, V, = N; 
Thus, equal volumes of all gases, und 
ture and pressure, contain equal 
Avogadro’s law, 
EXAMPLE 2.9 (SI units ure exerted by 2 x 42 
gaseous molecules of ni nd 


ainer of | dm? volume. The 
of molecules js 4.94 x 102m Sa 


the kinetic gas equa 


pV = + mNe 


N= 2x 10% 


er similar conditions of tempera. 
number of molecules, This is 


tion, 


molecules, vy — 1 dm? = | x jg-=3 m3, 


c = 4,94 102 m 5-1 
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Mass of nitrogen molecule, 
28.0 x 10-3 


m= -6.022 x 10% = 4.65x 10-76 kg 
1 $ (4.65X 10-8 kg) x 2X 107! x (4.94 x 10°m s71)? 
aE 1x 107m? 


= 7.57 X 10° kg m~ s~? 
= 7.57X 103 Pa (Pa = kg m= s~”) 


EXAMPLE 2.10 Calculate the translational kinetic energy of 2 g of oxygen 
at —23°C in (i) ergs and (ii) calories. 


Solution Translational kinetic energy, 


at 
E; = 5) nRT 
2 
no mol, T = 273—23 = 250 K 
(i) R = 8.314X 107 erg mol ~K- 
Ex = 3x (4 mol )x(8.314x 10’ erg mol“ K=) x (250 K) 


= 1.95 10° ergs 
(ii) R = 1.987 cal mol K~ 


za 2 x (ee mol )x (1.987 cal mol-! K-1)x (250 K) 


= 46.57 cal. 


28 DISTRIBUTION OF MOLECULAR SPEEDS 


All molecules present in a given sample of a gas do not possess the same 
speed. Their speeds are distributed over a wide range. This is because 
the molecules keep colliding with each other and their speeds keep 
changing. Maxwell has shown that the fraction of molecules having 
speed between c and c + dc is expressed as 


3/2 
Ne fode = 4m (appr) ct ecMetl2RT de (212) 


3/2 2 
= trl seer) CET de Sai 2318) 


where N is the total number of molecules and Ne is the number of 
molecules having speed between c and ¢ dca 

The plots of Maxwell distribution of speeds show that the fraction 
of molecules with very high and very low speeds are very small. How- 
ever, the b’ggest fraction of molecules possess the speed corresponding to 
the maximum in the distribution curve (Fig. 2.1). The speed possessed 
by the biggest fraction of molecules at a given temperature is called the 
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SPEED OF MOLECULES —> 


Fig. 2.1 Maxwell distribution of speeds at temperature T, and Ta. The most 


probable speed, Cm, shifts to a higher value at the higher temperature, 
Tz. 


most probable speed (cm). The magnitude of c, increases with increase 
in temperature. 

The average speed (c) defined as the arithmetic mean of the different 
speeds of all the molecules present in a given sample of the gas. It is 
always positive number and should not be Confused with the average 
velocity, which is zero due to random motion. 


The root mean square speed (c) is the square root of the mean of 
squares of different speeds of all the molecules. 


TE (Ci, C25 Cs =., Cn represent the individual speeds of N molecules 
in a gas, then 


the 


Z= CFCs FCs... Cy 
N 
tetep.. ct \t 
and c= N 


These may be calculated from 
obtain the expressions 


ee NI 2RT 5 ERT _ | 3RT 
MON Soe Gar M 
Cee Se 1.128 : 1.224 


The root mean square speed is commonly used and can be calculated 
from the relations: 


Maxwell distribution of speeds. We 


c= A ont AN 3PV = 3P 
M MA N ste (2.14) 
` Note There is confusion in literature re 


> 
garding the terms ‘speed’ and tyi re) 

elocity’ of gas 

molecules. As far as the root mean square velocity or root mean’ squaré oy meet 

concerned, these two quantities are equivalent and either is acceptable, However. 

the average speed or most-probable spe x ? 


: ed are quite different from the mean velocity 
or most probable velocity. For example, the average velocity is always zero whereas 


the average speed is a definite positive number, For the sake of simplicity, we shall 
use the term speed throughout. 
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EXAMPLE 2.11 Calculate the value of f (c) for oxygen molecules at 27°C 
for = Cm = 


Solution According to the Maxwell distribution of speeds, 


N. 3/2 A 
no = Hag = ear h ene 


Here c = Cm 


eee P| 2RT 4) ew 
ü ig 32 


= 3.948 x 104 cm s* 


M 3/2 32 3/2 
(sar) ( 2X 3.148.314 x 107 x 300 ) 
= 2.92107 em e ss 
Mc? 32 x (3.948 X 104)? 
2RT ~~ 2xX8.314X 107 x 300 
and e70°989 = 0:3679 
Thus, 


0.999 


f(c) = 4X3.14X (2.92 x 1077) x (3.948 X 104)? x 0.3679 
= 2110x105 cms 
EXAMPLE 2.12 (SI units) Calculate the root mean square speed of Ns 
(molar mass = 0.028 kg mol`’) at 298 K. 


Solution Root mean square speed c is 


Aas al 3RT 
M 
Here M = 0.028 kg mol", T = 298 K, R = 8.314 J K~ mol 


a AERC Ose) 3 8.314X 298 
0.028 


EXAMPLE 2.13 The density of oxygen at 273 K and 1.01 X 10ë N m~? 
pressure is 1.42 kg m-*. Calculate the root mean square, average and 
most probable speed of the oxygen molecules under these conditions. 


Solution Root mean square speed 
Se Ope al 3p 
$ ni MERE P 
p = 1.42 kg m™’, p = 1.01 X 105 N m~? 
3Xx1.01x10°_ $ 


= 515.2 ms 


= -1 
aaa 0 mid 461.9 ms 
Average molecular speed 
re eee e a BESTE 
ZM 7o 3.14x1.42 


= 425.7 m s™ 
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Most probable speed, 


Al 2pV A 21.01 X10 5 
Cm = : - = = 
i M g 1.42 


= 317.2 ms! 


2.9 COLLISION FREQUENCY AND MEAN FREE PATH 


The total number of collisions taking place in a unit volume per second 
is called the collision frequency. If there are N’ molecules per unit 


m N 3 r 
volume ( ie N = +) with molecular diameter d, then the number of 


collisions made by a single molecule with other molecules per second 
(called collision number), is equal to 7 d? € N’, where € is the average 
speed of molecules. It is assumed that all other molecules are frozen 
in their positions. To improve the relation, ¢ should be replaced by Cr, 
which. is the relative average speed, so that the collision number 
Zı = 7 dé, N' 
But it can be shown that c, =4/ 7 Z, so that 
Zi = / 2 nd2t N’ 

The total number of bimolecular collisions occurr 

unit yolume of the gas (called collision frequency) is 


Zu = 


ing per second per 


1 7 a 23 Ne 
> BS Neti GN (2.15) 
Here, the factor 4 is introduced to ensure that the collisions between 
two molecules are counted only once. 
If it is a mixture of two gases A and B, then collision frequency is 


Zas = (d4 + da)? (Gen i Ni N; (2.16) 


where da and dz are diameters, N, and Nj are the number of mole- 


cules per cm? 


of the two gases A and B, respectively, and yu is the 
reduced mass; 


Ma Mpg 
(M4 + Ma) an 
The mean free path is defi 
molecule between two succes: 


= 


ned as the average distance travelled by a 
sive collisions. It is denoted by à: 
Mean free path = Average distance travelled per second 
Number of collisions by a molecule per second 
ee Sao el 2.18 
Zi Vrd tN 4/27 d? N' (2. ) 
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Effect of Temperature and Pressure on \ and Z 


3 MS eae +e 
It can be shown that, for bimolecular collisions, 


collision frequency Z x 


T 
i.e. Zop provided Tis constant 


1 : : 
Za TE provided p is constant 


Similarly, mean free path, À œ es 
P 
F 7 
Le, Ax Pi provided T is constant 
Ac T provided p is constant 


EXAMPLE 2.14 The Collision diameter of nitrogen is 3.74 x 10-8 cm. 
At 25°C and 760 torr, calculate 


(a) the average number of collisions experienced by one molecule of 
nitrogen per second, and 


(b) the average number of binary collisions of nitrogen gas per cm? 
per second. 


Solution (a) The average number of collisions experienced by one 
molecule per second is given by 


Zi=V2I4eEN’ 
d= 3:74 X 10-8 cm 
Number of molecules per cm?, N’ can be calculated as 
Nees eM Seong PX Na 


` 


7 y SEE RT D (pV = nRT) 
= 160 = = pal il 
p= 760 = latm, R = 0.082 /atm. mol`! K 2 
T = 298K 


i x 6.022 x 1028 


and N" = ——~398 x 0.082 


2.464 X 10°? molecules per litre 


ii Nala 2.464 X 101° molecules 


No. of molecules per cm? = 


eae 
per cm? 
Average speed of Nz molecules at 25°C, é, can be calculated as 
che. SAT = nj EER 10E 298 
$ "M 3.14 X 28 


= 4.75 X 104 cm s 
Therefore, Zı = 1.414 X 3.14 X (3.74 X 10-8}? x (4.75 x 104) 
X (2.464 x 101°) 
= 7.27 X 10° collisions per second, 
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(b) Average number of binary collisions per cubic centimetre per second. 
1 = (NI 
Zu = RT gee ed: 


= eas —8)2 Sve 4 
= 740% 3.14 X (3.74 x 10-8)? x (4.75 x 104) 
X (2.464 x 10")? 
= 8.96 X 10° collisions cm~? s71 


EXAMPLE 2.15 (SI units) Calculate the mean free path for oxygen mole- 


cule at 300 K and 101.325 kPa. The collision diameter of the oxygen 
molecule is 0.362 nm. 


Solution The mean free path 
1 
\= Torn 
d = 0.362 nm = 3.62 X 10-m 
Number of molecules in m? at 300 K. 
1_ PXN, 
DS SRT 
where p = 101325 N m~’, R = 8.314 J K~! molt 
y age 101325 x 6.022 x 1023 


8.314 x 300 = 2.45 X 10°% molecules/m? 
1 

1.414 X 3.14 X (3.62 xX 10-1)? x (2.45 X 10%) 

= 7.02 x 10-5 m 


EXAMPLE 2.16 At what pressure will the 
molecule (diameter = 3.74 x 10-8 


Solution Mean free path, 


mean free path of nitrogen 
cm), at 27°C, be 1A? 


eee. ‘sats 
V2 7a? N’ 
Pressure can be calculated from the number of molécules per unit 
volume, N’. 
d = 3.74 X 10-8 cm, T = 273 + 27 = 300 K and à = 1 X 10-8 cm 
x N= 1 
y 2r dÀ 


AAS DISNEA 
1.414 X 3.14 x (3.74 X 10-92 X 1.0 X 0T 
1.61 X 10? molecules cm~? 


I 


1 PN, 
Now, N'= RT 
_ _N'RT 
or p= N, 
— 1.61 x 10% x 0.082 x 300 


6.022 x 1028 
= 0.658 atm 
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2.10 HEAT CAPACITY OF GASES 


The quantity of heat required to raise the temperature of a given body 
by one degree is called its heat capacity. For one mole of the substance, 
the heat capacity is called the molar heat capacity. The heat required 
depends on whether the pressure or volume is kept constant, when the 
temperature is raised by one degree. We define, 


Heat capacity at constant volume = Cy (volume kept constant but 
pressure increases) 
Heat capacity at constant pressure = C, (pressure kept constant but 


volume increases) 
The expansion of solids or liquids with temperature is quite small and 
hence their Cy ~ C,. However, for gases, these are different. For 
one mole of an ideal gas 
Gai iG = R (2.19) 
The ratio of two heat capacities is expressed by the symbol Y as 


Be Gog Cia 
=D ae Cr j (2.20) 


For monoatomic gases, y = 1.66 and its value decreases with increase in 
complexity of the gas molecule. 

For polyatomic molecules, the heat supplied is used up not only in 
increasing the translational kinetic energy but also in increasing the 
vibrational and rotational energies. According to the principle of equi- 
partition of energy, the total energy of a molecule is equally distributed 
among all types of motions or degrees of freedom. 

It has been found that each translational- degree of freedom contri- 
butes energy } RT for one mole of a gas (or $k T for one molecule). 
Monoatomic gases have only three translational- degrees of freedom -so 
that, for one mole of a monoatomic gas, the average kinetic energy is 
equal to 2 RT. Now, the heat capacity at constant volume is the change 
in internal energy with temperature at constant volume (refer Ch. 4). 
Therefore, Cv, for a monoatomic gas is, 


e e 


Polyatomic molecules, besides translational energy, also have rota- 
tional and vibrational energies. Each translational and rotational 
degree of freedom corresponds to 2RT per mole (kT per molecule) ` 
while each vibrational degree of freedom contributes RT per mole (kT 
per molecule) towards the total energy (because the vibrational mode has 
two terms; kinetic and potential energy). For a diatomic molecule 
there are three translational, two rotational and one vibrational degrees 
of freedom. Hence, for a mole of diatomic gas, the average internal 


energy is 3 X 4 RT +2X4RT+ RT = RT. Thus Cy,, is $- R. For 
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a polyatomic molecule having N atoms, there are three translational, 
three rotational and (3N-6) vibrational degrees of freedom for non-linear 
and three translational, two rotational and (3N—S) vibrational degrees 
of freedom for linear molecules. Thus, for non-linear molecules 


= 3 RTAtrans) + 3 RT (rot) + (3 N—6) R (vib) 


and Crm = 5 R+ A R+LGN-6)R=GN-3)R 
for linear molecules 


Cs + RT (trans) + RT (rot) + (3 N — 5) R (vib) 
and Crm =F R+ER+ ONS) R=GN— Syp 


lt has been found that for monoatomic gases, 
calculated from the equipartition principle agree 
mental values. However, for diatomic and polyatomic gases, the experi- 
mental values are lower than the values predicted from the equipartition 
principle. This is because vibrational degrees of freedom do not 
become active at lower temperatures. 


EXAMPLE 2.17 Calculate the value of Y for the acetylene molecule 
using equipartition principle. 


the heat capacities 
well with the experi- 


Solution Acetylene is a linear molecule. Hence, 
Crm = R+R+GN—5)R 

Here N = 450 that 
Crm = R+R4+Gx4—5 R= R 


or Cire 2 X 1.987 = 18,877 cal. 


and Cpm = C¥ym + R = 18.877 + 1.987 
= 20.864 cal 
ip EC 20.864 


Crm 18.877 "H 


2.11 VISCOSITY OF GASES 


Like liquids, gases show viscous behaviour. Viscosity is the internal 
Tesistance that one part of a fluid offers to the flow of another part of 
the fluid. If the flow is considered as the movement of one layer over 
the other, then the force required for nfotion is 

dv 

f=17A4 (= 

where 1 is the viscosity coefficient, dy is the difference in velocity of the 
two layers separated by distance dy, f is the force and A is the area of 
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The coefficient of viscosity can be calculated on the basis of the 


layers. 
kinetic theory of gases by the relation, 
7 k 1/2 
n= me = (2.22) 
2 27d? mi? 


The viscosity is expressed in poise, P (SI units pascal second, Pas). 
The viscosity of gases is determined by measuring the rate of flow 
through a very fine capillary. It is very useful for determining the 
diameter of gas molecules using Equation (2.22). The variation of d 
with pressure and temperature tells us about the nature of molecular 
interactions in the gas. . 
EXAMPLE 2.18 Calculate the coefficient of viscosity of CO% at 21G 
using the kinetic theory of gases: d for CO, is 3.64 X 10-! m. 


Solution Coefficient of viscosity, 


ae: mk,T Vt 
= md 7 


Here T = 300K, d= 3.64 X 10-9 m = 3.64 X 107° cm, 


8.314 X 10%erg/molecule K 
6.022 x,1078 


m= ESEC 
m = -5022x107 © 


1 
n = 314% (3.64 10-8)? cm? 


© 44g 8.314% 10? erg/molecule K „ 300K | 
6.022 x 10*8 6.022 x 10?3 3.14 


= 2.37% 10-4 g cm~! s% = 2.37% 10~ poise 


and 


ky = 


2.12 THERMAL CONDUCTIVITY OF GASES 

The thermal conductivity of a gas is due to the transport of kinetic energy 
across a temperature gradient. The amount of thermal energy flowing 
per unit time is given by 


dT 
Daz 


abs: : 2 
where WZ is the temperature gradient along the z-axis. 


or Q= (7) (2.23) 


where « (Kappa) is called the coefficient of thermal conductivity. The 
coefficient of thermal conductivity is the flow of thermal energy per unit 


time per unit area under unit temperature gradient. It has been shown 
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l K= FEA Cra (2) } (2.24) 
where A is the mean free path, ¢ is 
molar heat capacity at constant volume, 
of EE + E Crn |V 2 ndN, 

Therefore, these relations can 
path, A. 


EXAMPLE 2.19 Calculate the thermal conductivity of argon at 27°C, 


given that the molar heat capacity at constant volume =12.5 JK— mol? 
and collision diameter = 5.6 10-10 m. 


the average speed and Cr,m is the 


(2.25) 


be used to calculate the mean free 


Solution The thermal conductiyity of argon 


x 


=t: Crm |V n BN, 
= 8RT 

H = 

ere G =r 

1 / 8RT = å 

= (237 ji Chim |v 2 rd? N, 
2 (80) on, 
Serre mr Nn, 
R= 8.314 JK“ mol", Cr,m = 12.5 JK molt, 
M = 40x10- kg mol-!, d = 5.60Xx 10-10 m 
2 
a 


8.314 x 300 yx 12.5 
40x 10-3 (3.14)??? (5.6% 10-7)? x 6.022 1023 
= 1.977X 10 J m s- K=, 


k= 


MISCELLANEOUS EXAMPLES 


dioxide. Calculate the volume of 
ody temperature (37°C) 
human body. 

Solution Volume of blood in human body = 107 


Weight of Oxygen in blood = 202x 10x 1009 = 258 
Weight of carbon dioxide in blood = 2:98 xx 1000 
To calculate volume, we use 


PV=nRT or ya "RT 
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p= latm, R = 0.082 atm. Z mol“? K-!,_ T = 273+37 = 310K 
2 
n for O: = 3 mol 
2 0.082 x 310 
= x = 
y. 32 1.59 1 
n for CO, = a mol 
244 
8 0.082 x 310 
ok == 
K 44 1 4.621 


EXAMPLE 2.21 The thermal power station at Bhatinda consumes 3000 
tonnes of coal a day. 
(a) Calculate the minimum volume of air used for burning the coal, 
if it is assumed to be pure carbon. 
(b) If the coal contains 2% sulphur, calculate the number of moles 
of SO, per m? of air over Bhatinda. The area of Bhatinda is 
16 km? and SO, is assumed to be evenly distributed over the 
entire area up to a height of 300 m. 
(c) If the coal is mixed with 20% CaCOs, how many tonnes of COs 
will be produced? 


Solution 


(a) Carbon reacts with oxygen as 
C + 0,————>CO, 
12 g of carbon reacts with 1 mol of oxygen. Let us calculate the volume 
of air needed to burn 12 g of carbon at 272G. 
Now, one mole of oxygen at N.T.P. occupies 22 4 litres. The volume 
of oxygen at 300 K is 
Lae ae 
Tı Jis 
VN = 22.41, T; = 273 K, T, = 300 K 
300 x 22.4 
EATE 
= 24.62 1. 
Air contains 21% oxygen by volume 
Volume of air required to burn 12 g of carbon at IAE. 
— 24.62 100 
21 
IIAL 
12 g of carbon require 117.241 air 
Amount of coal consumed per day = 3020 tonnes = 3000 X 10° g 
3000 X 10° g of carbon require w X 3000x 108 


= 2.931 X10!°/ air 
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(b) If coal contains 2% sulphur, then sulphur present in 3000x 106 g 
of coal is 


3000x 10°x2 _ ‘ 
a =60 x 10° g 


S+0,———~—SO, 
32 g of sulphur will give 64 g SO, 


Sota 64 
-- 60% 10° g of sulphur-will give = 37 60 108 


= 120108 g so, 


5 120 x 108 
Moles of SO, produced = Tay ee 


= 1.875 10° mol 
Volume of atmosphere over Bhatinda — 16X 10° 300 


= 48 X 108 m? 
6 
Moles of SO, per mê of air = 4815x108 
= 3.9x 10-4 
(c) If coal is mixed with 20% CaCOs, 
CaCO;>Ca0+Co, 
C+ O: >CO, 


Then, CaCOs in 3000 tonnes of coal = STOO 18x20 = 600 108 g 
and carbon = 2400 x 106 g 


CO, obtained from CaCO; = ea X 600 x 108 


= 264% 108 g 


CO, obtained from carbon = “x 2400% 108 


= 8800x 108 
(8800x 10°-+-264 x 190) — 9064 x 10° g 
= 9064 tonnes 


% N, and 21% 
of molecules in 


Total CO: produced = 


Sure is 760 torr, 
each breath if the 


cach ation where the temperature 
is 7°C and pressure 700 torr. 
Solution 400 ml of air at 300 K and 760 torr pressure contain 

400 x 79 

OO a = 316 ml'of N, 

400x21 


100 ~ 84 ml of O, 


Moles of Nz in each breath 
pV 
RT 
760 
760 


p= =1 


where 


The Ideal Gas and its Kinetic Molecular Model 29 


atm, T = 300 K, V = 316 ml, 


R = 82.0 atm ml K~ mol? 


os L3 

~ $2.0 300 

= 0.0128 mol 
Number of molecules of Ng 
Moles of O; in each breath 

1X84 

“82 0x 300 
Number of molecules of Ox 
Total number of molecules i 


a= 


If the person moves to a hill 


lOO Se 
TOA 


= 0.0128 x 6.022 x 10° = 7.74x 1021 


- = 9.00341 mol 


2.06 X 1072 

n each breath = (7.74+2.06) 102! 
= 9.80 10°? 

station where p = 700 torr, 


nd T = 273+7 = 280 K, 


700 X 84 


Moles of O: = 


= 0.00337 mo! 


Number of molecules 
Decrease in molecules of Ox 


EXAMPLE 2.23 A balloon 


760 X 82.0 280 


l 

= 0.00337 X 6.022 x 10?3 = 2.03 x 107! 
= (2.06 —2.03) x 10°! 

= 0.03x 10°% = 3x10" 


weighing 50 kg has a radius of 10 m. What 


will be its pay load if it is filled with He at 1 atm and 25°C? How will 
the pay load be affected if He is replaced by H»? 


Solution 


Volume of balloon, V 


Herer = 10m ..V 


Mass of displaced air 


(Density of air = 1.22 kg m7) 


4 
— rr? 


3 
4 


z X3.14x (10) 


4.187 xX 10? m? 
4.187X 10° m? X 1.22 kg m`? 


= 5108 kg e 
Moles of gas present in V = 4187 m°, p= latm, T=298K 
_ PY _1X4187 X 10 ol 
PARP MORRO Re oe 
= 171.3 10° mol 


If the balloon is filled with helium, 
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Mass of helium = 171.3 10? x 4 
= 685.2 10? g = 685.2 kg 

Mass of balloon + helium gas = 685.2+50 = 735.2 kg 
Pay load = Mass of displaced air — Total mass of balloon 

= 5108—735.2 

= 4372.8 ke 
If the balloon is filled with hydrogen, 
Mass of H; = 171.3 10*x2 

= 342.6 kg 
Mass of balloon + He gas = 50+-342.6 = 392.6 kg 
Pay load = 5108—392.6 
- = 4715.4 kg 


EXAMPLE 2.24 Derive an expression for the 
the Maxwell distribution function, 
M 3/2 Poe 
= —Mc212RT 
O) 4r (rr) CHEN 


Calculate the most probable speed of Nz molecules at 27°C, 


most probable speed from 


Solution For most probable speed, ate) =0 


Differentiating R.H.S. with respect to c and e 
Zero, i.e, 


M \3?2 5 —2M. 
4a (Cea [ e~Mc2/2RT (Se) +2¢ evmeti2nr | =0 


Or e-Mc2/2RT [ 2¢ = Mc ] a) 


quating the result to 


RT 
Me _ 
or RT ~ 2c 

2RT 

eran 

ESM 
i oh al 2RT 
M 


Thus, most probable speed c, = dl 2RT 
M 


For Na, 


M = 28x 10-3 kg mol, T= 300 K, R=8,314 J mol~! K-1 
c = | 2X8.314x300 
3 28 X 10-8 
= 422.09 m s-i 


QUESTIONS 
Numerical Problems 


2.1 (SI units) An iron cylinder Contains helium at a pressure of 250 kPa and 300 K. 
The cylinder can withstand a Pressure of 10° Pa, The room in which the cylinder 


2.2 


2.3 


2.4 


2.5 


2.6 


2.7 


2.8 


2.9 


2.10 


2.11 


2.12 


2.13 


2.14 


2.15 


2.16 


2.17 
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is placed catches fire. Predict whether the cylinder will blow up before it melts 
or not (the melting point of cylinder is 1800 K). 

(SI units) What amount of nitrogen is contained in 0.15 m? of gasata pressure 
of 1.05x 10° N m~? and a temperature of 300 K (assuming ideal behaviour)? 

A gas balloon of volume 10 dm® at 27°C and 760 torr pressure rises to an altitude 
where the temperature is —13°C and the pressure 500 torr. What is the volume 
of the balloon at this altitude? 

A flask is filled with a gas to a pressure of 6 atm at 27°C. (a) What pressure 
will develop inside the sealed flask if it is heated to 127°C. (b) At what temper- 
ature would the pressure be 4 atm? 

Carbon dioxide occupies 25 dm? at 760 torr and 27°C. Calculate the number 
of (a) moles and (b) molecules. A 

(SI units) The density of a certain gas is 5.46 kg m`’? at 298 K and 103.3 x 10° 
N m-?, Calculate its molar mass. 

The density ofa gas is found to be 1.76/g l-1 at 30°C and 760 torr pressure. 
What is its density at STP? 


(SI units) Calculate the value of the gas constant R in SI units when pressure 
is expressed in N m~? and volume in m’, 


A sample of an ideal gas weighing 0.2086 x 10-8 kg occupies a volume of 0.4 dm? 
at 630 torr and 37°C. Calculate its molar mass. 


(SI units) Calculate the pressure exerted on the walls of a 5 dm? flask when 
1.4 g of Ng is introduced into it at 300 K. 


Three boxes A, Band Care of 1.5, 2.5 and 4.0/ capacity respectively. Box A 
contains 0.5 g of Na gas at a pressure of 740 torr, box B contains 1 g of argon 
gas at a pressure of 480 torr, and box C contains neon at 160 torr. What will be 
the pressure in box C if the contents of A and B are completely transferred to C 
(assume ideal behaviour), All the boxes‘are at the same temperature before 
and after transfer. 


A boy breathes in 25 cm? of air at 760 torr pressure and 27°C. Calculate the 
number of molecules that enter the lungs of the boy. 


A spherical balloon of 100 g has aradius of 30cm, Calculate the moles of 
hydrogen present in the balloon when it will just rise. “The density of air under 
these conditions is 1.29 g /-1. 

A spherical balloon of diameter 20 dm weighs 2 kg. What will be its pay load 
if it is filled with helium at 1 atm and 27°C? How will the pay load be affected 
if hydrogen is filled instead of helium? (Molar mass of air may be taken to be 
28.9 g mol-*). 

(SI units) A perfectly elastic balloon is filled with helium and is expected to 
rise to a height of 50 km, at which point it will be fully inflated and have a 
volume of 100 m?. The temperature at this height is 265 K and the atmosphe- 
ric pressure 0.2 kPa. How many kilograms of helium will be needed to inflate 
the balloon fully. 

(SI units) A discharge tube of 2dm? capacity containing hydrogen gas was 
evacuated till the pressure inside was 0.1 N m-*. Ifthe tube was maintained at 
a temperature of 300K, calculate the number of hydrogen molecules still 
present in the tube. 


NO, molecules in a sample of gas are 20% dissociated to NO, at 27°C and 
760 torr. Calculate the density of the equilibrium mixture at that temperature. 
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tain mixture of helium and neon in a 5/ flask at 27°C and 1 atm weight 
CR Swit is the composition of the mixture in weight per cent? What will be 
beat pressure of helium and neon (atomic masses of RT 4, Ne = 20). 
i ame conditions of temperature an pressure, 
ad Bs Boned rte ote at the rate of 0.360 m? in 60s and an un- 
acres gas at the rate of 0.220 mè in 50s. If the molar mass of oxygen is 0.0320 
kg mole-?, calculate the molar mass of the unknown gas. 


2.20 Asample of ozonised oxygen contains 82.4% ozone by weight. 
; 372 s to diffuse through a porous partition while 
Determine the vapour density of ozone. 


2.21 A tube was filled with 500g of an ideal 
27°C and 760 torr. After two days, due to | 
amount of gas escaped and the pressure fell 
How much gas has leaked out? 

2.22 Suppose a flask was filled with nitro 
4.9 x 10t cm s-!. The molecules wer 
until a Maxwell distribution was est 
equilibrium (assume that no heat ex 
surroundings). 

2.23 (SI units) The density of an unknown gas at 27 
1,52 kg m~". Calculate the root mean square speed 
under these conditions. 


2.24 At what temperature will the root mean square speed of SO, be the same as that 
of O, at 27°C? 


oxygen 


It required 
pure oxygen required 319 s. 


gas (molar mass = 40 g mol-!) at 
eakage through the valve, a certain 
to 600 torr at the same temperature. 


gen molecules all having the same speed 
e allowed to collide with one another 
ablished. Calculate the temperature at 
change occurs between the gas and its 


3 Kand 1.05 x 105 N m-? is 
of the molecules of the gas 


2.25 The root mean square speed of oxygen molecules at 7 
x10! cm s-!. Calculate the density of oxygen. 


2.26 Calculate the total kinetic energy of 1.5 mole of an idea 
Í (b) joules and (c) kcal. 


60 torr and 0°C is 4,61 
ul gas at 27°C in (i) ergs 


j plah p Pae 
2,27 By plotting the graph of ¢/p vs p, the limiting value of p © carbon dioxide at 
273 K has been found to be 0.01938 g J-1, Calculate the molar mass of the gas, 
2.28 The average molecular speed of CO, is 3,68 x 102 m slat 273K. What is 
i its speed at 300 K? 


2.29 A 21 gas bulb contains 2.75 x 10% 


molecules of O, exerting a pressure of 
latm. Calculate the root mean Squar' 


e speed and temperature, 

2.30 Calculate the average kinetic energy (in calories) of 2 g of sulphur dioxide at 
21° Cs 

2.31 The collision diameter of an oxygen molecule is 3.62 x 10- 
number of binary collisions per cm? per second at 1 atm and 25°C; 

2.32 Calculate and compare the mean free paths of H: 

o 

(d = 2.73 A) at 1 atm and 27°C, 


2.33 Calculate the values of 2, Z,, Zau for N, at 1 atm and 25°C, given van der Waals 
constant b = 3.913 x 10 27 moj- 


cm. Calculate the 


(d = 2.18 A) and He 


2.34 The mean free path of two gases A and B are in the ratio Alp = 2.6 at 


27°C and 1 atm pressure, Calculate the ratio of their diameters diay 
2.35 (SI units) Calculate temperatures at which 

becomes equal to (i) CH, and (ii) O, at 300 K. 
2.36 (SI units) Calculate the av 


speeds for oxygen molecule: 


the average speed of hydrogen 


erage, the most probable and the root mean square 
s (molecular mass = 0.032 kg mol-1) at 298 K. 
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2.37 The collision diameter of Oa = 3.61 x 107° m. Calculate its coefficient of 
viscosity at 27°C from the kinetic theory of gases. 


2.38 Calculate the value of the probability distribution H) for nitrogen 


molecules at 27°C. The molecular speed c = 2.12 x 10? m s™*. 


2.39 The coefficient of viscosity of Nz gas is 1.78 x 10-4 poise. Calculate the mean 
free path at a pressure of 10-4 mm of Hg at 25°C. 


2.40 Calculate the thermal conductivity of helium gas at 27°C given that Cy,m = 12.5 
J K- mol- and collision diameter = 2.07 A. 


QUIZ QUESTIONS 
Type A: Multiple Choice 
2.41 For a given mass of a gas, if temperature increases 


(a) pressure and volume remain constant 

(b) volume increases provided pressure is constant 
(c) pressure decreases provided volume is constant 
(d) volume decreases provided pressure is constant 


2.42 For a given mass of a gas at constant temperature, if the volume V becomes 
three times, then pressure p will become 
(a) 3p (b) p/3 
(c) 3p/T (d) 9p? 
2,43 For a given mass of a gas, if pressure is reduced to half and temperature is 
doubled, then volume V will become 
(a) 4V (b) 27: 
(c) Vi4 (d) 8V 
2.44 Which of the following statements is not correct regarding the constant R in 
the ideal gas equation pV = nRT? 
(a) Its value is independent of temperature or pressure. 
(b) Its yalue is independent of the nature of gas. 
(c) It is called the universal gas constant per molecule. 
(d) In SI units its value is 8.314 J K- mol"? 
2.45 The gases Ha, Na, Oa and NHs (molecular masses: Hy = 2, Na = 28, Os = 32 
and NH, = 17) will effuse in the order 
(a) Ha > Na > O: > NHs 
(b) ÑH: > Os > Na > Ha 
(c) Hs > Na > NHs > O, 
(d) H: > NH, > N: > O: 
2.46 Which of the following is not a correct postulate of the kinetic theory of 
gases? 
(a) The gas molecules are in random motion. 
(b) The gaseous collisions are perfectly elastic. 
(c) The average kinetic energies of different gases are equal at a particular 
temperature. 
(d) The pressure exerted on the walls of the container is due to the inter- 
molecular forces. 
2.47 The change in momentum when a molecule with mass m of an ideal gas moving 
with velocity Vs rebounds elastically, after hitting the wall, is 
(a) 2 mz (b) —mvz 
(c) zero (d) mva 
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2.48 If the average velocity of a molecule travelling in the x-direction ina cube of 
length / isc cm s~', the number of collisions per second with the same side of 


the wall is 
(a) cxl (b) cjl 
(c) ¢/21 (d) cx 1/2 
2.49 In terms of density, the kinetic gas equation may be written as 
ae 
o PY Sa. Pe 
©) P= 
IS 
(c) Pae R 
E OB Ez 
(d) Dis ea c 


2.50 Fora gas having N molecules per unit volume, mov ing with an average speed 
of c m s~! and molecular diameter d m, the mean free path is 
(a) yV 2r d2N 
(b) 4/2 xd? cN 
1 
c == 
(c) V2 
ee A eR 
AVA 2ndN 
2.51 The diameter of molecule Bis half that of molecule A. The ratio of mean 
free path (à4 / àg) will be 
(a) 1/2 (b) 1/4 
(c) 4 (d 2 
2.52° Two separate bulbs are filled with ideal gases A and B, respectively, The 
density of gas A is three times that of gas B and the molecular weight of gas B 


is twice that of gas. A, Calculate the ratio of the pressure of gas A to gas B if 
the two gases are at the same temperature. 


zd? cN 


(d) 


(a) 3/2 (b) 2/3 
(c) 6/1 (d) 1/6 
2.53 If the mean free path of a gas at 760 torr is 4, what will be its value at 5 atm 
pressure ? : 
(a) ne (b) Sa 
(c) 760 A (d) 22 


2.54 The mean free path of a gas at 1 atm isà cm and the number of collisions 
made by one molecule per second is z^. The average speed of the molecules 
will be 


A 
(a) >, ems (b) àz’ cm s71 


E ea PS 
Tie O af % ems- 
2.55 For a triatomic gas, Cpm — Cysm is equal to 

(a) 3R (b) R 

(c) 3R (d) (-1)R 


2.56 If C,isthe heat capacity at constant pressure and Cy is the heat capacity at 
constant volume, then for noble gases C,/Cy is 


2.57 


2,58 


2.59 


2.60 
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(a) 2.33 (b) 1 

(c) 1.67 - (d) 1.33 

For triatomic linear molecules, Cy,,, may be expressed as 
3 


Cyn = Z R+R+GN-JR 


the molar heat capacity at constant pressure.C, will be equal to (R = 2 cal) 

(a) 15 cal (b) 13 cal 

(c) 11 cal (d) 12 cal 

Which of the following statements is correct regarding the mean free path (a) 
of a gas? 

(a) Aw T? provided p is constant 

(b) 2% has no effect on T or p if the volume of the gas remains constant. 

(c) à p provided T is constant. 


1 
(d) Ac one provided T and V are constant. 


According to the kinetic molecular theory of gases, the average kinetic energy 
(a) is proportional to temperature 

(b) decreases with rise in temperature 

(c) is always constant for a particular gas 

(d) is zero at 0°C 

For one mole of a gas, the total kinetic energy is equal to 


(a) RT ©) -JRT 
(c) 2 kyr (a) (C,—C,)/RT 


eeeeeeeeeeeeeEeEeeeeeeEeEeEeEeeeEeEeEeeee—e—eeeeEeEeEeEeEE—EE—E—E————— S 
Type B: Multiple Choice (Numerical Problems) 


2.61 


2.62 


2.63 


2.64 


If 360 dm? of a gas were collected over water at 25°C and 720 torr, the volume 
of dry gas (aqueous tension of water at 25°C = 23.8 torr) at the same tempera- 
ture and pressure is 

(a) 348.10 dm? 

(b) 174.05 dm? 

(c) 34.81 dm? 

(d) 696.20 dm? 5 

At STP, 10 g of a gas occupies 2 /. At what temperature will the volume become 
double, at the same pressure and for the same quantity of gas? 

(a) 273K (b) —273°C 

(c) 546K (d) 546°C 

Two samples of gases A and B are at the same temperature. The molecules of 
Aare travelling four times faster than molecules of B. The ratio (m4/mp) of 
their masses will be 

(a) 16 (b) 4 

(c) 1/4 (d) 1/16 

If 1000 ml of a gas A at 600 torr and 500 ml of gas B at 800 torr are placed in 
a 2 I flask, the final pressure will be 

(a) 500 torr . 

(b) 1000 torr 

(c) 850 torr 

çd) “2000 torr 
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2.65 The number of molecules of an ideal gas in a 8.2 / container at 380 torr and 
27°C will be 
(a) 6.02 x 10% 
(b) 1.0 x 10% 
(c) 1.0 x 10% 
(d) 12.04 x 10? 
2.66 The relative rates of effusion of oxygen and hydrogen, at the same temperature 
and pressure, are in the ratio (molar masses of H, = 2 and O; = 32) 
(a) 1:4 (b) 1:8 
(c) 4:1 (d) 16:1 
2.67 Two gases X and Y, having the same volume, effuse through an orifice in 30 and 
10 min, respectively. The molar mass of X is 162. The molar mass of Y is 
(a) 54 (b) 324 
(c) 18 (d) 486 è 
2.68 A box is divided into two equal compartments by a thin partition, and they are 
filled with gases A and B, respectively. The two compartments have a pressure 
of 200 torr each. The pressure after removing the partition will be equal to 
(a) 460 torr k (b) 100 torr 
(c) 200 torr (d) 40,000 torr 
2,69 Two separate bulbs contain ideal gases A and B, respectively. The density 
of gas A is twice that of gas B and the molar mass of gas 4 is half that of gas B. 
If the two gases are at the same temperature, the ratio of pressure of A to that 


of Bis 
(a) 1 (b) 1/4 
(c) 4 (d) 1/2 
2.10 The root mean square speed of CH, molecules will become double its value at 
STP when the temperature is 
(a) 546K (b) 819°C 
(c) 546°C (d) 819K 


2.71 The total kinetic energy of sample of gas which contains 1.0 x 1022 mole- 
cules is 24 x 10? J at —123°C. Another sample of gas at 27°C hasa total 
kinetic energy 48 x 10*J. The number of molecules in the second sample is 
(a) 2 x 102 (b) 1x 10% 

(c) 1x 10% (d) 5x 10% 

2.712 The root mean square speed of oxygen at 27°C is 800 cm s-1, The root mean 
square speed of hydrogen at the same temperature will be 
(a) 3200cm s~? 


b) 200 -1 
(c) 1600cm s-i Ni idee 


(d) 400cm s7} 


2.73 The temperature of a sample of SO, is raised from 27 to 327°C. Th 
kinetic energy of the gas molecules is G e average 


(a) doubled 
(b) raised to the power two 
(c) halved 
(d) multiplied by a factor 327/27. 
2.74 The root mean square speed of 
PEA eek of SO, gas becomes the same as that of oxygen at 
(Atomic masses: S = 32, O = 16) 
(a) 327°C (b) 127°C 
(c) 54°C mes OAC 
2.75 The mean free path of a certain gas at 27°C and 101325 N m-? is 5.0 x 10-5 m 
and the number of molecules with which it collides per m? per second is 


2.76 


2.77 


2.78 


2.79 


2.80 
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4,0 x 10°, The average speed of molecules is 

(a) 1.25 x 10-%%m st 

(b) 0.8 x 105m s- 

(c) 2-x-10%m st 

(d) 2x 10'm si 

4.0 g of argon ina bulb at a temperature of TK had a pressure p. When the 
bulb was placed in a hotter bath at a temperature 50 more than the first one, 
0.8 g of the gas had to be removed to get the original pressure p. The original 


temperature T is equal to. (Atomic mass of argon = 40) 
(a) 510K (b) 200K 
(c) 73K (d) 100K 
The root mean square speed of gas molecules at 25 K and 1.5 x 105: N m-3 


is 100.5 ms-!. If the temperature is raised to 100 K and the pressure to 
6.0 x 10° N m~’, the root mean square speed becomes 

(a) 201.0 m s~: (b) 100.5 m s~: 

(c) 402.0 ms“ (d) 1608.0 m s-* 

56 g of gascous Na (molar mass = 28) are mixed with 44 g of CO, (molar 
mass = 44) and the pressure of the resulting mixture is 303.9 kPa. The partial 
pressure of N, in the mixture is 

(a) 101.3 kPa (b) 202.6 kPa 

(c) 303.9 kPa (d) 405.4 kPa 

An electronic vacuum tube was sealed off, during an experiment, at a pressure 
of 8.2 x 10-19 atmat 27°C. The volume of the tube was 30dm*. Calculate 
the number of gas molecules remaining in the tube. 

(a) 6.022 x 101 

(b) 8.2 x 6.022 x 10% 

(c) 24.6 x 10 

(d) 8.2 x 30 x 6,022 x 1023 


The total kinetic energy of 2 mol of an ideal gas at 127°C, in kilojoules, is 
(a) 8.31 kJ (b) 24.94 kJ 
(c) 7.48 kJ (d) 9.98 kJ 


Type C: True or False Statements 


2.81 


2.82 


2.83 
2.84 


2.85 


2.86 


2.87 


2.88 
2.89 


2.90 


When the pressure of a gas is tripled (at constant temperature), the volume is 
reduced to one-third its original volume. 

The product of pressure and volume of a fixed amount of a gas is independent 
of temperature. 

Wet air will diffuse through a tiny hole faster than dry air. 

The root mean square speed is always more than the average speed of mole- 
cules. S 
Molecules of different gases have the same average kinetic energy at a given 
temperature. 

The thermal conductivity of a gas is due to the transport of kinetic energy 
across a temperature gradient. 

The quantity of heat required to raise the temperature of 1 g of a substance 
by one degree is called heat capacity. 

For solids, C, is approximately equal to Cy. 

A diatomic molecule has three translational, two rotational and one vibrational 
degrees of freedom. 

g to the postulates of the kinetic theory, the forces of interaction 


Accordin e 
les are negligible only for ideal gases. 


between molecu 
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Type D: Fill in the Blanks 
2.91 Collision frequency—-————-with the increase in temperature. 


2.92 The number of molecules with which a single molecule collides per second is 
called——————. 


2.93 Gases having molecules that do not attract one another and occupy virtually 
no volume are called ———-——-— gases. 


2.94 The pressure-volume curves plotted at different fixed temperatures are called 


2.95 Mean free path——————with increase in pressure of the gas at constant 
temperature. 


2.96 The gas constant per molecule is called ————____, 


2.97 The molar heat capacity at constant pressure for one mole of a. 
is 9/2 R. 


2.98 The thermal conductivity of a gas is due to the transport of— 
a temperature gradient. 


—————— gas 


DETA across 


2.99 The quantity of heat required to raise the temperature by one degree of 1 g of 
a substance is called ————_—_—_. 


2.100According to the kinetic molecular theory of gases, the average kinetic energy 
is proportional to——————. 


ANSWERS 
Numerical Problems 


2.1 The pressure of the gasat the melting point of the cylinder is calculated as 
P=1.5 x 10° Pa. This is more than the pressure which the cylinder can withstand 
(1 x 10°Pa), Thus, it will blow up before it melts. 2.2 0.177 kg 2.3 13.16 dm? 


2.4 (a) 3 atm. (b) —73°C 2.5 (a) 1.016 (b) 6.11 x 10% 2.6 130.9 2.7 ẹ = Hi and 


Pe Pay Ty = = 
a nA T: therefore. p =2.12 g/f 28 8.314 JK- mol-1 2.9 


16.0 
2.10 24.94 x 10? N m-? 


2.11 737.5 torr 2.12 6.118 x 1020 2.13 Volume of balloon 
4 
= aes r? = 113.04, When balloon just rises, 


= weight of 113.04/ air = 113.04 x 1,29 = 145.82 g. Weight of hydrogen in balloon 
= 145.82 — 100 = 45.82 g. Moles of H: = 22.91 2.14 Volume of balloon 


weight of balloon plus contents 


4 5 
= TR nr? = 33.49 x 109 dm?, density of air p= we. = 1.17g dm-?, mass of dis- 


placed air = 33.49 x 109 x 1.17 = 39.18 kg, 
; N X 
latm and 27°C, n= ca Fa oxo = 1.36x 10%, mass of helium in balloon 
= 1.36 x 103 x 4 = 5.440 kg, total mass of balloon = 2.0 + 5.44 = 7.44; Thus 
pay load = 39.18 — 7.44 = 31.74 kg. Similarly, if helium is replaced by hydrogen, 
pay load = 34.46 kg 2.15 0.0363 kg 2.16 4.83 x 10 277 Consider one mole 
of undissociated N,O, in the beginning. When 20% N.O, is dissociated, moles of 
N:0, left = 0.80; moles of N,O, formed = 0.40, Volume of total 1.20 mol at 300 K 
and 760 torr = 29,53 /, density = 92/29.53 = 3.12 gl 218 Wt % He = 25.8, 
Wt% Ne=74.2 2.19 5.95 kg mol-t 2.20 23.56 2.21 105.44 g 2.22 269.7K 
2.23 455.2 ms-1 2.24 327°C 


223 1.431x10-3 2.26 (a) 5.61x10" erg 
(b) 5.61 x 10°J (c) 1,342 kcal 227 43.99 2.28 3.86 x 10:2 ms-1 2.29 6.45 x 10, 
cms? 2.30 27.9cal. 2.37 3.18 x 1¢2 9.39 2(He) = 1.23 x 10-7 cm and (Hs) 


= 1.93 x 10-7 cm 2.33 2= 9.27 x 10-8 cm, Z,=4,12 x 10° collisions s71, 


moles of helium present in balloon at 
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Zi, = 6.30 x 10°8 collisions cm~? s-! 2.34 1: 0.62 2.35 (i) 37.5 (ii) 18.75 2.36 448 
ms-!, 392 ms~!, 476. ms-! 2.37 2.045 x 10- poise 2.38 1.49 x 10-7? ms- 
2.39 49.7cm 2.40 1.45 x 10-2 Jm- s-1 K-1 


Quiz Questions 

2.41 (b) 2.42 (b) 2.43 (a) 2.44 (d) 2.45 (d) 2.46 (d) 2.47 (a) 2.48 (c) 2.49 (c) 
2.50 (d) 2.51 (b) 2.52 (c) 2.53 (a) 2.54 (b) 2.55 (b) 2.56 (c) 2.57 (a) 2.58 (b) 
2.59 (a) 2.60 (b) 2.61 (a) Applying p,V, = p2V2 (T is constant) final volume is 
348.1 dm? 2.62 (c) 2.63 (d) 2.64 (a) 2.65 (b) 2.65 (a) 2 67 (c) 2.68 (c) 2.69 (c) 


ORT . Py ealep _ PA Mp _ Ee, 2 2.72 
Bag ae e x 2x =4 2.70 (b) 2.71 (b) 2.72 (a) 
2.73 (a) 2.74 (a) 2.75 (c) 2.76 (b) 2.77 (b) 2.78 (b)~2.79 (a) 2.80 (d) 
2.81 True 2.82 False 2.83 True 2.84 True 2.85 True 2.86 True 2.87 False; It is 
called specific heat 2.88 True 2.89 False 2.90 True 2.9/ increases 2.92 collision 
number 2.93 ideal 2.94 isotherms 2.95 increases 2.96 Boltzman constant 2.97 
diatomic 2.98 kinetic energy 2.99 specific. heat, molar heat capacity 


2.100 temperature. 


3 


| Real Gases and 
Critical Phenomena 


Any gas conforming to the equation pV = nRT at all temperatures and 
pressures is called an ideal gas. However, real gases do not obey this 
equation over the entire range of temperature and pressure. Many 
attempts have been made to study the deviations of real gases from ideal 
behaviour and a large number of equations of state have-been proposed. 


3.1 DEVIATIONS OF REAL GASES FROM IDEAL BEHAVIOUR 


The deviations of real gases from ideal behaviour can be observed by 
plotting a graph between pV/nRT (called the compressibility factor, Z), 
and p (Fig. 3.1). For an ideal gas Z should be equal to one and 


P 


Z (=PYART) 


200 400 600 800 


P (ATM) ——» 


FIG. 3,1 Compressibility factor, Z against D for some gases at 0°C. 


Real Gases and Critical Phenomena 41 


independent of temperature and pressure. However, it has been found 
that Z depends on both temperature and pressure. For example, at 0°C 
for H, and He, Z is always greater than one (shown dotted). For CHa 
and COs, Z is less than one at low pressures and greater than one at 
higher pressures. For easily condensable gases like CO», there is a large 
dip at lower pressures and then a continuous increase with increase in 
pressure. Further, the deviations decrease with increase in temperature. 
At best, real gases behave in a nearly ideal manner only at low pressures 
and high temperatures. 


3.2 CAUSES FOR DEVIATIONS 
For ideal gases, it has been assumed that 


(i) The volume occupied by molecules is negligible in comparison 
to the total volume of the gas. 


(ii) There ate no interactions between molecules. 

However, in a real gas, molecules always have definite volume and 
there are also interactions between them. The magnitude of both these 
quantities determines the deviation. 


3.3 CORRECTIONS FOR DEVIATIONS: VAN DER WAALS 
EQUATION 


Van der Waals introduced two correction terms in the ideal gas equation. 


Correction for Volume 


Due to the intrinsic volume of molecules, the entire space is not available 
for the free movement of molecules. He introduced the term b which 
represents the effective volume or co-volume occupied by all the molecules 
in one mole of a gas. Hence, the volume in the ideal gas equation should 
be replaced by free volume. 


For n moles of the gas, the free or corrected volume is 
Veorrected = V—nb 
The numerical value of b is four times the actual volume occupied by the 
gas molecules. 


Correction for Pressure 


Due to intermolecular forces, the observed pressure is less than the 
pressure which the gas would have exerted if there were no interactions. 
Van der Waals introduced a correction term an*/V®, for n moles of a gas, 
for intermolecular forces, so that the pressure in the ideal gas equation 
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is replaced by 
an? 
Peorrectea = P + Yr 
where a is a parameter which measures the forces of attraction between 
the molecules. 


The van der Waals equation becomes 
(p+) nb) = nRT | @.1) 


The parameters a and b are called van der Waals parameters, and their 
values depend upon the nature of the gas. The units of a are atm [2 mol~2 
(SI units: Pa m° mol? or N mt mol?) and of b are / mol! (SI units: 
m? mol"), 


3.4 APPLICABILITY OF VAN DER WAALS EQUATION 


The van der Waals equation for one mole of gas is reduced to 


(2+ m) (V—b) = RT 


At Low Pressures 


At low pressures, the volume is sufficiently large. can be neglected in 
comparison to V so that i 


(2+ m) V= RT 


o = pV = RT--& 


Thus, at low pressures, Z is less than on 


(V dec-eases), the term a/VRT increases 
with increase of p. 


eand, as pressure increases 
- Consequently, Z decreases 


At High Pressures 


When p is high, V will be small so that b ca 


i À ; nnot be neglected. a/V? may 
be considered negligible in comparison to p 


» SO that 
p(V—b) = RT 
or DV = RT+pb 
SRE REEE 
or RT ~ Z= aa 
Thus, 


Z is greater than 1 and increases as Pressure increases. 
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At High Temperature and Low Pressure 


If temperature is high V is very large, b as well as a/V? may be neglected 
so that the equation reduces to the ideal gas equation. 


Exceptional Behaviour of Hydrogen and Helium 


In case of H, and He, intermolecular forces of attraction are extremely 
weak and a/V? is negligible at all pressures. Hence Zis always greater 
than one and increases with increase of p as at high pressures. 


2.5 EQUATIONS OF STATE FOR REAL GASES 


To describe the behaviour of real gases, a number of equations of state 
have been proposed. A few important ones are given below : 


Berthelot equation (p+ ae V—nb) = nRT (3.2) 

Dieterici equation (pe"*/’8")(V—nb) = nRT (3.3) 
i i SAAN Na NR 

Clausius equation (e+ TOTOY \v nb) = RT (3.4) 


2 3 
Virial equation pV nRT (14 Bi o2 +.) (3.5) 


a me rr( 1+- + pe te ) (3.5a) 


Equation (3.5) was proposed by Kammerlingh Onnes and is the most 
general equation. The quantities B, C, D,... are called second, third, 
fourth, etc. virial coefficients and their valves depend on the temperature 
and nature of the gas. 

EXAMPLE 3.1 For oxygen gas, the van der Waals parameter bis 0.0318 
l mol-!. Estimate the diameter of the oxygen molecule. 


Solution Wan der Waals parameter 
b = 4x volume occupied by molecules in 1 mole of gas 


= 4xXN,X fa TS 


re j 
of s ión N, 


b = 0.0318 / mol-? = 0.0318:X 10° cm? mol 
3x0.0318x 10° ) 
i (jeez 4X6 02x10" 
= 1.47X 10-8 cm 
le = 2X1.47X 10-8 
= 2.94x 1078 cm 


Diameter of oxygen molecu 
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EXAMPLE 3.2 A vessel of 25/ capacity contains 10 mol of steam under 
50 atm pressure. Calculate the temperature of steam using the van der 
Waals equation, if, for water, 


a = 5.46 atm l’ mol and b = 0 031 / mol" 
Solution The van der Waals equation is 


(>+ Be Jor=nb) = nRT 
2 
or T= (o% “pe Und) nk 


P= 50 atm, n = 10 mol, V = 25 I, a = 5.46, b = 0.031 


T= (so _ 100 x 5.46 e — 10 x 0.031) 
; (25)? 10 Xx 0.082 


= 1531.7 K 
EXAMPLE 3.3 (SI units) Calculate the 
NO, which occupies 20 dm3 
(ii) the van der Waals equati 
X 10-5 m? mol-}, and (iii) b 
N20; and 20% of NO, 


pressure exerted by 0.8 mol of 
at 300 K by using (i) the ideal gas equation, 
on with a = 0.535 N mt mol-® and b = 4.42 
y assuming that itis a mixture of NO, and 
is dimerised (assume ideal behaviour). 


Solution (i) According to the ideal gas equation 


PV =nRT 
nRT 
or p= V 
n = 0.8 mol, T = 300 K, V = 20 dm? = 20 x 10-3 m? 
R = 8.314 J K~ molt 
p = 0:8 mol x 8.314 JK= mol) x (300 K) 
= SS mol x 8.314 IK mol) x (300 K) 


QO x 10-3 m3) 
= 9.98 X 10! N m~? (JJ = Nm) 
(ii) According to the van der Waals equation 
— “RT na 
BS Van VE 
— (0.8 mol) X (8.314 Nm mol“!K-1) x 300K 
~ (20 X 10°? = 0.8 X 4.42 x 10-)ms 
(0.8 mol)? x (0.535 N mê mol-*) 
Z (20 X 10-8 m}? 
= 9.99 X 104 — 0.09 x 104 
= 9,9 x 10t N m 
(iii) If it is a mixture of NO; and N.O, 
2NO, = N,04 
If 20% NO; is dimerised, then 


Moles of NOs, n( NO, ) = (0.9 x$ 


Moles of N,Os, n(.0.) 2 at 7 
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Total number of moles, n(N2O,) + n(NO2) = 0.08 + 0.64 = 0.72 
& .(0.72 mol) x (8.314 N m mol? K~) X (300 K) 
BE 20 X 10-3 ms 


= 8.98 X 104 N m™° 


3.6 CONDENSATION OF GASES AND CRITICAL CONSTANTS 


Gases can be converted into liquids at sufficiently low temperatures and 
high pressures. Liquefaction of gases occurs when the forces of attraction 
overcome the thermal agitation of molecules. However, it is an interest- 
ing observation that a gas does not liquefy above a certain characteristic 
temperature however high the pressure may be. This characteristic 
temperature is called the critical temperature. Thus, critical temperature 
(T.) is the temperature above which a gas cannot be liquefied, however 
high the pressure may be. 

The minimum pressure which is just sufficient to liquefy the gas at 
the critical temperature is called the critical pressure (Pe). 

The volume occupied by one mole of a gas at critical temperature and 
critical pressure is called the critical volume (Vc). £ 

T., p: and V, are called critical constants. The critical point is a 
point of inflection in the gas isotherm at critical temperature. Hence, 


opia Sopi 
(ar); = and ( ayz Ji =0 


3.7 VAN DER WAALS EQUATION AND THE 
CRITICAL STATE 


If the isotherm is represented by the van der Waals equation, the critical 
constant can be expressed in terms of van der Waals constants, using 
Equation (3.1), as 


PV Bitgig Vas 
Differentiating p with respect to V (T constant) and substituting at the 
inflection point: 

p=p, T=T. aud V=V. 

( Op ) Fa RTe T Ea a 
ay 


and Gal a= a) eae 
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Solving these equations, we get 


Ve = 3b, p 8a 


a 
¢ 276?” Te= 37 Rb 
If the values of the critical constants for a gas are known 
to calculate the values of a and b as: 


(3.6) 


> it is possible 


a=3P.V? and b= Z (3.7) 


3.8 LAW OF CORRESPONDING STATES 


Let us define new variables, called reduced pressure (p, 


); reduced volume 
(V,) and reduced temperature (T,) by the equations: 


MApN vagal LT 
Pr = De’ Vr Ve? Tr = T 


c 


er Waals equation, it will.lead to a 


If these are introduced in the van d 
single equation : 


(2. i) (3v, ~1)=87, 


r 


which is valid for all gases and is known as the e 
state. According to this, if two gases have th 
pressure and reduced temperature, ttey will 
volume. 


quation of corresponding 
e same values of reduced 
have the same reduced 


EXAMPLE 3.4 The van der Waals constants for CH 


aare a = 2,25 atm /2 
mol? and b = 0.043 / mol}. Calculate its critical c 


onstants, 
Solution 

V.=3b =3 x 0.043 = 0.1297 mol 
= 4. 2.25 atm/? mol?” 

Pe = 2788 T 37 x (0.043 mol2 = 45.07 atm 
= 260 8X 2.25 atm Emol’) 

€ 21Rb 27 X (0.082 atm / mol K~) x (0.043 Tmol) 
= 189.1 K 


EXAMPLE 3.5 Calculate the van der Waals constants a and b for 
CO: (T. = 304.2 K, p. = 72.8 atm) 


Solution 
par! = SA 
Pe 27 b? ; KTK 27 Rb 
ia ke 27Rb R RT, 
95 T: Rear sa we 8b or sep 
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T, = 304.2 K, pe = 72.8atm, R= 0.0827 atm molt K7? 


(0.082 L atm mol K~) x (304.2 K) : 
b= 3 x (72.8 atm) = 0.0428 / mol 


Now a = 21 P: b 
= 27 x (72.8 atm) X (0.0428 / mol)? 
= 3.60 atm l? mol? 


EXAMPLE 3.6 What will be the reduced pressure, volume and tempera- 
ture, of methane when one mole of gas is contained in a 5 dm? flask 
under 5 atm pressure? What willbe the temperature of the gas? The 
critical constants of methane are: 


T, = 190.2 K, V. = 0.0988 7 mol?, pe = 45.6 atm 


Solution 
p TS 
r= Be = gag = 01096 
K sa a 
v= F= go = 50-607 
Now ` ( peck E \(r--1) 23T 
(+ 7 i. 
p+ yr er) 
or T, = = 
3 
= [0.1096 + sorl X 50.607 — 1] 
8 
= 2.089 
T 
Since T; = R 
T= T, x T, = 2.089 X 190.2 
= 397.3 K 


MISCELLANEOUS EXAMPLES 


EXAMPLE 3.7 The critical volume and pressure of He are 
V, = 57.8 cm mol}, Pc = 2.26 atm 


Calculate the van der Waals parameters a and b and estimate the 
radius of the helium atom. à 
Solution 


b= 5s a= 3p: V: 


p= aS = 19.27 cm? mol = 0.0193 dm’ mol 
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a = 3 X (2.26 atm) x (57.8 cm? mol-)2 
= 2.27 X 10! cmê atm mol? = 0.0227 dmê atm mol-? 
Now, b = 4 x Volume occupied by Avogadro’s number of 
- molecules f 
or b=4X V, 
Volume of one molecule, V = r 


0.0193 
4 x 6.02 X10 ~ 8-01 X 10-7 dm? 
8.01 X 10-20 m? 


FEOF E 
v= 3 Tr 
_(3Y)t 
cr a (Se ) 
3 x 8.01 x 10-80 m? 5} _ x A 
=( Irae J) 1.24 x 10- m= 124A 
EXAMPLE 3.8 The critical temperature (T+) and Pressure (pe) for O; and 
Cl: are 
T P À 
0; 155K 5.0 x 10° N m- 
Cl; 417K 


7.6 X 106 N m-2 
Which gas has 

(a) the smaller value of van der Waals parameter a 

(b) the smaller value of van der Waals parameter b 

(c) the smaller critical volume ? 


Solution 
< ee an CEA 
(a) Since p, = 27 b2? T: = 27 Rb 
mee ~“ 27 Rb R 
T. 27% e I 
RT: 
or b GA 
— (8.314 J K~ mol) x (155 K) 
b(0:) 8 X (5.0 x I0°N m) 53-22 X 10% m? mol 


(8.314 J K— mol-2) x 417K 
and (Cl) = 8 x (1.6 X oF Nas J 5.70 X 10-5 m3 mol-1 


Hence b for O; is less than b for Gl,” 
(b) Since a= 27 De b? 
© a(02) = 27 x (5.0 x 10°N m=) x 
= 0.140 N mê moj? 
a(Cl,) = 27 x (7.6 x 10E N m 
= 0.667 N mê mol-? 


(3.22 x 10-5 m? mol]-?)? 


~?) X (5.70 X 10-5 m3 mol“)? 
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Hence, a for O» is less than a for Cle 
(c) Since V. = 3b 

V, (Oz) = 3 X (3.22 x 10 m mol") = 9.66 x 10-§ m? mol 
and Ka (Cle) = 3 X (5.70 X 10° m? mol-) = 17.1 X 107° m? mol 
Hence V, for Og is less than Vc for Cla. 
EXAMPLE 3.9 The van der Waals parameters a and b for some gases are 


Gas a (dm® atm mol~*) b (dm? mol) 
Hydrogen 0.244 0.026 
Helium 0.034 0.024 
Nitrogen 1.390 0.039 


(a) Estimate the critical temperatures and pressures for these gases. 
(b) Estimate the temperature and pressure that 1 mole of He and N, 
will have in states corresponding to 1 mole of hydrogen at 25°C 
and | atm. 
Solution (a) The critical temperature and pressure can be calculated 
as: 
(i) For hydrogen: 


a _ _(0.244dm®atm mol?) _ 
Be = se = Bie 02am mols 
Lok we 8 x (0.244 dm® atm mol-*) 
T: = 77 R6 = 7I x (0.082 dm” atm mol? K~!) X (0.026dm* mol) 
= 33.9 K 
(ii) For helium: 
a _ _ (0.034 dm® atm mol) _ 
Pe = OFF FT O7 x 0.024 dm? mol — 2-18 atm 
sare 8 x (0.034 dmê atm mol?) 
Te = 54 Rb = 27X(.082 dm atm mol K+) x (0.024 dm mol) 
= 512% 


(iii) For nitrogen: f 
a (1.390 dm* atm mol’) _ 93.85 atm 
Pe = 9752 21 X (0.039 dm? mol)? 
g x (1.390 dm® atm mol?) 
atm mol? K~) X (0.039 dm? mol™) 


8a 
Te = 57 Rb 27 X (0.082 dm° 
= 128.8K 
(b) The gases are in corresponding states when their reduced tem- 
peratures have the same values. The reduced temperature and pressure 
of Hzat 1 atm and 298 K can be calculated as 
298 


1 = = COC = 
= B3 0.075, m E 
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Thus, the temperature and pressure for He and N, to have same T, and 
Pr in corresponding states are 
G) Helium T =T, x T, = 8.79 x 5.12 = 45K 
P= Pa X Pe= 0.075 X 2.18 = 0.16 atm 
Gi) Nitrogen T= T, x T, = 8.79 x 128.8 = 1132.2K 
P— Pr X pe = 0.075 X 33.85 = 2.54 atm 
EXAMPLE 3.10 (a) Express the van der Waals equation, as a virial 


expression in powers of I/V. Calculate the second and third virjal 
coefficients in terms of van der Waals paramcters. 


(b) Calculate the values of the second and third virial coefficients 
for nitrogen at 27°C when a = 1.390 dm® atm mol- and b = 3.913 
X 10% dm? molt, $ 


Solution The van der Waals equation for one mole of gas is 


(9+ 96)" 8) = ar 


RE a 
or BV =h pt 
or aa oa | son 
2 
G) 
The term s G) can be expanded as 
V 
me e a ee where x = -2 
RT b b \2 
Teih, ficta, aA a 
p= yi + V + (J+. TESTA, 


= RT a) bw 9 
yt +( ar )7 + (+) =] 
Comparing with the viria] equation 
RT KT) , CT 
pm T (1 AD 5, Sual 
we get 
Bepa 


a 
Rr and C=% 


where B i iri i 
and C are second and third virial ccc ficients. 


(b) For nitrogen, a = | 390 dm® atm 2 
, : mol, b = rm 
Now the second virial coefficient i rit EEN 


Epe oe 
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E _ 1.390 
or B= 0.03913 0.082 x 300 
= — 0.0174 dm? mol™ = — 17.4 cm? mol 
Third virial coefficient 
C= 8 


ll 


(0.03913 dm? mol”)? 
= 1,531 x 10-3 dm? mol = 1531 cm® mol-? 


EXAMPLE 3.11 Show that the excluded volume is four times the actual 
volume of a molecule. 


Solution If we assume the molecules to ao SS 
be spheres of radius r, then the volume 


7 N 
> / 

of a molecule is 4/3 m r3. The closest i 

approach of two molecules is 2r. There- \ 


fore, the two molecules cannot approach Ny inal 
each other more closely than the distance ere Staal 
2r. Thus, if we consider only bimole- Vollme | \ 
cular collisions, then the yolume occupied i (l 
by a sphere of radius 2r represents the | i 
excluded volume per pair of molecules, ezr» 
as shown in Fig. 3.2 Thus, . FIG. 3.2 Excluded volume per 


pair of molecules. 


Excluded volume per pair of molecules = 4 a (2r Ji 


Excluded volume per molecule = H m g r) ] 


zl x Zz $r] 


oe 
=4 Xa 


ll 


= 4 X Volume occupied 
by a molecule 


QUESTIONS 


Numerical Problems 
3.1 The compressibility factor ( z=2r) for a gas at 0°C and 100 atm is 


0.2013. Calculate the volume occupied by 0.2 mol of the gas at 100 atm and 
0°C. 

3.2 (SI Units) Calculate the pressure exerted by 0.150 mol of SO, at 300 K, which 
occupies 4.50x10-¢ m, using the van der Waals equation (a = 0.680 N mé 
mol-?, b = 5.64x10-5m? mol-1). Calculate the pressure which SO: would 
exert if it behaved ideally. 

3.3 Compare the temperature of 3 mol of SO: at 15 atm occupying a volume of 10 
dm’, obtained by the ideal gas equation and van der Waals’ equation (a = 6.7 
atm dm? mol-? and b = 0.0564 dm® mol-?). 
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3.4 


3.5 


3.6 


3.10 


3.11 


3.12 


3.13 


3,14 


3.15 


3.16 


3.17 


3.18 
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A boy was asked to calculate the Pressure of one mole of a non-ideal gas (CO:) 
at 310K occupying 6 / (a = 3.60 atm [2 mol-2 and b = 0.043 / mol-1). He 
calculated the pressure by using the ideal gas equation. What is the percentage 
error? 
The van der Waals Parameters for a gas are a = 3.0 atm /? mol-? and b = 0.05 
‘mol-1, Calculate the pressure of the gas from (i) the ideal gas equation and 
(ii) the van der Waals equation, if one mole of the gas at 127°C has a volume of 
1.51. 
The critical constants of CCl, are: 
T: = 556.2 K, p. = 45.0 atm and V, = 275.8 ml 
Calculate the van der Waals constants a and 6, 
The van der Waals constants for Na are a = 1.39 atm /2 mol-2 and 6 = 0,039 
l mol-1. What are the Critical constants of Na? 
(SI Units) For SO, T, = 430 K and p. = 7.6x 10° N m-2, Calculate the 
van der Waals constants a and b. 
Argon has T. =— 122°C and P. = 48 atm. Estimate the radius of the argon 
atom. 
(SI Units) The critical constants for chlorine are p. = 7.6x 10° N m- and 
T. = 417K. Calculate the van der Waals constants a and 6 
Estimate the co-volume for one mole of neon (assume the radius of neon to be 
1.60 A) 
(SI Units) Which of the two, CO. or CHy, has the larger molar excluded 
volume, given that d (CO2) = 4.49 x 19-10 m and d (CH,) <3 82 x 10-10 m 
At 100°C and 200 atm, the compressibility factor of Nz is 1,10, Calculate the 
weight of N, necessary to lla gas cylinder of 59 / Capacity under the giyen 
conditions, 
The reduced temperature and Volume of a gas are 0.7 and 0.02 respectively, 
What will be its Pressure if its critica] Pressure is 42 atm, 
Calculate 7,, V, and p, of CO: when one mole of gas is present in a 2 dm? flask 
under 5 atm pressure. The critical Constants of CO, are; 
T: = 304.2 K, p. = 72,8 atm, V. = 0,094 mol-1, 
Calculate the volume occupied by 2.5 mol of N3 at 273 K and 100 atm pressure 
ap DV V, 
if ar = 3/8 and i =2.2, 
The critical volume and pressure of noble gases are; 
Gas V. (dm? mol) ~~ P: (atm) 
He 0.058 2.26 
Ne 0.042 26.9 
Ar 0.073 48.0 
Xe 0.119 58.0 
(i) Which of these has he smaller value of b? 
(ii) paras the van der Waals Constant a in decreasing order, 
The critical temperature and pressure data for some gases are: 
Gas T.: (K) De (N m=) 
CO; 304 7.3 108 
Cl, 417 7.6 A 
H, 38 -6x10 
Ls SOS ee 2.0x 10° 
Which of these has the largest an RET Baers a 
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3.19 Calculate the second (B) and third .(C) virial coefficients for methane and 
ethane at 27°C. The values of a and b are: 
CH, : 4 = 2.253 dm‘ atm mol-, b = 0.043 dm? mol-! 
CH, : a = 4.471 dm® atm mol-:, b = 0.057 dm? mol-1 

3.20 The van der Waals constants a and b are: 


a (dm* atm mol-2) b (dm? mol-) 
Oxygen 1.360 0.0318 
Ammonia 4.170 0.0371 
Methane 2.253 0.0428 


Estimate the pressure and temperature that 1 mol of ammonia and methane 
will have in states corresponding to 1 mol of oxygen at 27°C and 1 atm. 


QUIZ QUESTIONS 


Type A: Multiple Choice 


3.21 Which one of the, following equations correctly represents the van der Waals 
equation? 
an 


(a) ( p= a ) (V—b) = nRT 


an? 


(b) (> HES ) (V—nb) = nRT 


@ (2- 
(a) (> + sl ) rnb) = nRT 


T ) (V—nb) = nRT 


3.22 The SI units of the van der Waals parameter a are a 
' (a) Pa m? mol-? (b) N m? mol-2 
(c) J mê mol? (d) Pa m’ mol-? 
3.23 A real gas obeying the van der Waals equation will closely resemble an ideal 
gasif 
(a) the parameters a and b are small 
(b) a is large but b is small 
(c) ais small but b is large 
(d) both a and b are large 
3.24 The SI units of the van der Waals b term are 
(a) m? mol (b) m? mol-1 
(c) m? mol-? (d) m? mol 
3.25 At extremely low pressures; the van der Waals equation for one mole may be 
written as 
(a) pV = RT + Pb 
a 
(b) PV = RT —. 
(c) (p+ a) (V—b) = RT 
(d) pV = RT 


3.26 The critical pressure (pe) and reduced pressure (p,) are related as 
(a) PX Pr = De : 
(b) Pr X Pe =P 
(c) P X Pe = Pr 
(d) Pr X Pe XP =1 

3.27 If, ps V, and T, are the reduced pressure, volume and temperature, 
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Tespectively, then the van der Waals equation for corresponding states is 


(a) ( Ara) v -)n=8 Te 


1 
v; 


(b) ( P+ Je V,-1) =8T, 
(O ( P+ =) GV,-1)=8T, 


(d) ( P, + 


) @8V,-1)=37, 
ls 


3.28 The value of the compressibility factor (Z) = 


(a) R (b) 1.5 (c) 2 
3.29 A gas obeys the van der Waals equation. 
5 (a) high pressures 
(b) low values of pV products 
(c) extremely low pressures 
(d) low temperatures 
3.30 A gas obeys the van der Waals equation with T. = 
compressibility factor PV [nRT will be greater than u 
(a) 20atm and 350 K 
(b) 25 atm and 600 K 
(c) 100 atm and 600 K 
(d) 100 atm and 300 K 


Type B: Multiple Choice (Numerical Problems) 
3.31 The van der Waals constants b for four gases are: 


zy for an ideal gas js equal to 
(d) 1 
It will approach ideality at 


450 K, p: = 50 atm. The 
nity at 


Gas A B c D 
5 (I mol-) 0.039 0.028 0.123 0.043 
Which gas will have the largest excluded volume? 
(a) A (b) B (c) c (d) D 
3.32 The van der Waals constants for some gases are: 
Gas a (l? atm mol-2) b (l mol-1) 
NH; 4.17 0.037 
CO: 3.59 0.043 
CH, 2.25 0.043 
O: £1.36 0.032 
The gas with the highest critical temperature is 
(a) NH: (b) CO: (c) CH, d) O, 
3.33 The critical temperature and pressure o 


tively. The critical volume is 
(a) 4.6/ mol-1 
(b) 0.9 7 mol~1 
(c) 0.3 7 mol-1 
(d) 400/41 / mol-1 
3.34 The critical constants for a gas are 
p: = 125 atm 
V. = 90 dm? mol-1 
T. = 574K 
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The van der Waals parameter 4 is equal to 
(a) aa x STA ee 


(b) Be dm? mol-1 
(c) 30 dm? mol-t 
(d) 3 x 10° dm? mol-2 
3.35 The van dar Waals parameters for C:H, are a= 0.56 N mt mol-2 and 
b = 6.4 x 10-5 m? mol-!. The critical volume (V., dm? mol-) of C:H, is 
(a) 0.192 
(b) 6.4 x 0.56 x 10-5 


(c) — x 10-5 
6.4 x 10-5 
© T082 x 0.56 
3.36 The critical volume and critical pressure of a gas are 0.06 / mol-! and 200 atm, 
respectively. The value of the van der Waals parameter a (1? atm mol-?) is 
(a) 120 (b) 1.20 (c) 0.24 (d) 0.0024 
3.37 The van der Waals parameter 6 for H:O is 0.030 dm? mol-!, The reduced 
volume of one mole of gas contained in a 0.9 dm? flask under 5 atm pressure is 


(a) 9 (b) 10 (c) 0.09 (d) 0.081 
3.38 p.V./RT, is equal to 
(a) 0.375 (b) 8.314 . (c) 1.987 (d) 0.082 


3,39 The critical temperature and reduced temperature of a gas are 150 K and 3, 
respectively. The temperature of the gas is 
(a) 50K (b) 150K (c) 300K (d) 460K ` 

3.40 For a gas, T. = 192K, b = 0.03 | mol-~!. What will be the critical pressure 
(assume R = 0.08 / atm mol-1) 
(a) 72atm (b) 512 atm 
(c) 64 atm (d) 0.125 atm 


Type C: True or False 


3.41 Gases can be liquefied above their critical temperature only by applying very 
high pressures. 

3.42 Rise in compressibility factor with increasing pressure is due the van der Waals 
parameter a. 

3.43 Easily condensable gases have comparatively higher values of the van der Waals 
parameter a. 

3.44 A gas can be liquefied at critical temperature if reduced pressure is less than 

ə one, 

3.45 The term n?a/V? in the yan der Waals equation is a measure of the intermole- 
cular forces. 

3.46 The critical temperature is proportional to b/a. 

3.47 The gas with a larger value of T./p. will have larger excluded volume. 

3.48 The compressibility factor for hydrogen and helium is less than one at all 
pressures. 

3.49 A gas with T. = 350K and p. = 50 atm cannot be ‘liquefied at 300 K and 
50 atm. 

3,50 The critical volume can be calculated by dividing the molar mass by the critical 


density. 
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ANSWERS 


Numerical Problems 

31-Z LA taepa ZaRT _ LA = 9.01 x 10°! 

3.2 7.13 x105, 8.24105 N m-? 3.3 609.7 K, 623.5 K 3.4 2.39% 3.5 (i) 21.867 
atm (ii) 21.29 atm 3.6 10.33 atm /? mol-?, 0.0919 / mol-? 3.7 V. = 0.117 I. pe = 33.85 
atm, T. = 128.8 K 3.8 a = 0.709, b = 5.88x 10-5 m? mol-1 3.9 1.469x 10-8 cm 3.10 
a = 0.667 N mt mol-2, b = 5.7x 10-5 m? mol-!_ 3 JJ 0.0412 dm? mol-1 3.12 For 
CO, = 1.89x10-28m3, for CH, = 1-17 x 10-78 m? 3.73 4.16 kg 3.14 6.72 atm 
3.15 p, = 0.069, V, = 21.28, T, = 4.75 3.16 0.462 3.17 (i) Ne (ii) Xe > Ar > Ne 
> He 3.18 Cl, Ha 3.19 CH,: B =— 0.57, C = 1.85 x 10-3; C;H,: B =— 0.125, 
C = 3.25x10-3 3.20 NHz: 2.24, 787.9 ; CH, : 0.91, 369.0 


QUIZ QUESTIONS 

3.21 (d) 3.22 (d) 3.23 (a) 3.24 (c) 3.25 (d) 3.26 (b) 3.27 (c) 3.28 (d) 
3.29 (c) 3.30 (c) 3.31 (c) 3.32 (a): T. is proportional to ajb and hence NH; 
has largest critical temperature 3.33 (c): 

PV: j p% 400x0.082 As 

Rr = 3/8. Ve = 38x —_ = 0.3 I mol? 3.34 (c) 3.35 (a) 336 (0) 
3.37 (b) 3.38 (a) 3.39 (d) 3.40 (c) 3.41 False: Gases cannot be liquefied above 
critical temperature, however high the pressure may be 3.42 False: Rise in com- 
pressibility factor with increasing pressure isdue tob 3.43 True 3.44 False: A 
gas can be liquefied at T = T, if p> p. so that p/p-=p.>1 3.45 True 3.46 False: 
T. is proportional to a/b because T. = 8 a/27 R, 3.47 True: pee = 3/8 
Tie 

F and V. = 3 b: large T./p. means larger b or excluded volume 3.48 False 
3.49 True 3.50 True 


PEN Ae 


4 
First Law of Thermodynamics 


Thermodynamics is the branch of science which deals with energy 
changes in physical and chemical processes. In general, it is concerned 
with the interconversion of various forms of energy (heat, mechanical, - 
electrical, chemical energy, etc.) into one another. The basic structure 
of the subject rests upon its three laws. All other equations in ther- 
modynamics can be deduced logically from these laws. 


41 SYSTEM AND SURROUNDINGS 


The specified portion of the universe under observation is called the 
system. A system is called homogeneous if physical properties and 
chemical composition are identical throughout the system. On the other 
hand, a heterogeneous system consists of parts, each of which has differ- 
ent physical and possibly different chemical properties also. A homo- 
geneous system consists of one phase whereas a heterogencous system 
has two or more phases. The rest of the universe which is not a part of 
the system is called the surroundings. 


4.2 TYPES OF SYSTEMS 


Three commonly encountered systems are defined as: 
(a) Isolated system A system which can exchange neither energy 
nor matter with its surroundings. 
(b) Closed system A system which can exchange energy but not 
matter with its surroundings. 
(c) Open system A system which can exchange matter as well as 
energy with the surrounding. 


43 STATE OF A SYSTEM 


The state of a system is defined by the values of the measurable physical 
properties of the system. The measurable properties of a macroscopic 
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system which depend only on the state of the system are called state 
functions or state variables. For example, pressure, volume, temperature, 
composition, energy, etc. are state functions. However, it is not 
necessary to define the values of all the state variables to define the state 
of the system. For any given system, a certain minimum number of 
variables are sufficient to define its state. 


4.4 EXTENSIVE AND INTENSIVE PROPERTIES 


An extensive property of a homogeneous system depends upon the 
amount of substance in the system, for example, mass, volume, energy, 
etc. Fora heterogeneous system consisting of several phases, the total 


value of the extensive property is equal to the sum of the contributions 
from the several phases. 


An intensive property is one which is independent of the amount of 
substance present in each phase of the system, for example, temperature, 
pressure, viscosity, chemical potential, etc. At equilibrium, some of the 
intensive variables have the same value in different phases of the system. 


4.5 TYPES OF PROCESSES 


A process gives the path or operation by which a System changes from 
one state to another. In other words, a process means a change in at 
least one of the state variables (property). 
Some common types of processes are: 
(a) Isothermal process A process in which the temperature of the 
System remains constant. X 
(b) Adiabatic process A process in which no heat can leave or enter 
the system. 


(c) Isobaric process A process in which the pressure of the system 
remains constant. 


(d) Isochorie process A process in which the volume of the system 
remains constant. 

(e) Cyclic process A process which consists of several steps, but 
the system returns to its original state after undergoing various 
changes, 

(f) Reversible process A process in which the direction may be 
Teversed at any stage by merely a small change in a variable like 
temperature, pressure, etc. The driving force is Only infinitesi- 
mally greater than the Opposing force and is carried out 


infinitesimally slowly. Therefore, an ideal Teversible process 
may take infinite time. - 
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(g) Irreversible process A process which is not reversible is called 
an irreversible process. The magnitude of the driving force is 
very different from the opposing force. All natural processes 
are irreversible. 


4.6 WORK, HEAT AND ENERGY 


Work, heat and energy have the same units. Whereas energy isa 
thermodynamic property of the system, work and heat are not pro- 
perties of the system. Work and heat are meaningful only when a 
system undergoes a process. The units of energy are erg, calorie or 
joule. The SI unit of energy is the joule (J) which is equal to newton 
metre (I J = 1 Nm). The various common units of energy are related 
as follows: 
1 cal = 4.18410" erg = 4.184 J 


Work 


Work is equal to the force multiplied by the distance through which it 
acts. Work on or by a system can be performed in a number of ways, 
e.g. gravitational work, mechanical work, electrical work, etc. 
Mechanical work is performed when a system changes its volume 
against an opposing pressure. If a gas expands against a constant 
external pressure, pes and its volume changes by an infinitesimally small 
amount, dV, then the small amount of work done, dw, on the system is 


dw = —pex dV 
If the volume of the system changes by a finite quantity from volume 
V, to V2, then total work done, 


Va 
= -Í Pex AV 
VY 
If p is constant, w = — Pex (¥.—V:1) = —p..x AV 
If Vis constant, w = —PexX 0 = 0 


It may be noted that the maximum work is done if the process is 
reversible, i.€, Wrey>Wirr- 


Heat 
It is another form of energy which the system can exchange with the 
surroundings. Jt flows from higher to lower temperatures. 

As a convention, heat absorbed by the system is expressed as q and 
work done on the system as w. When a system undergoes a change of 
state, the values of g and w for the process depend on the path, although 
the change in energy is independent of the path. 
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on the system. Therefore, when 

qis +ve heat has been added to the system. 
4 is —ve heat has flown out of the system. 
Wis +ve work has been done on the system. 
Wis —ye work has been done by the system. 


© the opposite sign convention for 
However, the latest convention is 
System as positive. This Concept is related to the internal 


t work done is +Ve if it increases the internal energy of the 
nvention is still in Use, Particularly in engineering textbooks. 


energy in such a way tha 
system. But the old co 


Energy of the System 


The total energy Erorat Of a system is equal to the in 
energy due to th 


€ position and energy due to the 
as a whole. For example, a spherical vessel with insulated walls 

» has a certain internal energy. It can also have 
its position relative to earth and, if the whole body is 


elocity v, also kinetic energy $ my? We shall be 
interested Mostly in changes in internal energy which may be due to heat 
absorption or work done on it. 


EXAMPLE 4.1 (SI units) Calculate t 
of 500 g through a height of 1 m (g 


ternal energy, U, the 


he work tequired to raise a mass 
= 9.8 m s). 
Solution Work done to raise a mass m through a height h is 

w = mgh 

m = 500 g = 0.5 kg, g = 9.8 m 5-2 and h= | m 
w = (0.5 kg) x (9.8 m s™)x (1 m) 
= 4.9 kg ms? = 49 J 

EXAMPLE 4.2 One mole ofa 


gas occupying 3 dm? is expanded against a 
constant external 


pressure of 1 atm toa volume 


of 15 dm’, Calculate 
the work done on the system. 

Solution Work done on the system during expansion against constant 
external pressure js 


w= —p,AV = Peal VNV) 
Pex = latm, 7 = 3 dm’, V, = 15 dm? 
w=- (I atm) x (15—3) dm? 


= —12 atm dm? 


EVAO EP —1.216 KJ 


m SS E 
—— 
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EXAMPLE 4.3 Two moles of an ideal gas at 2 atm and 27°C is compressed 
isothermally to one half its volume by an external pressure of 4 atm. 
Calculate w. 
Solution Work done on the system, 

w = —pex (V2—V;) 


Pex = 4 atm; aem 2r 
(1 mol) x (0.082 aim dm? mol-! K~?) x (300 K) 
2 atm 
= 24.6 dm*® 
y. 
and V, = EF = 123 dm? 
w = —4 atm X (12.3—24.6) dm? 


= 49,2 atm dm? 
= 49.2 X 101.32 J = 4.985 KJ 
[l atm dm? = 101.32 J] 


4.7 FIRST LAW OF THERMODYNAMICS 


The first law of thermodynamics states that energy can neither be created 
nor destroyed although it can be transformed from one form into 
another. 

The law can also be stated in the following alternative ways: 

(i) The energy of an isolated system remains constant. 

(ii) It is not possible to construct a perpetual-motion machine which 

can work endlessly without the expenditure of energy. 

The first law of thermodynamics has no theoretical proof. It isa law 
based on human experience and has not yet been violated. Mathemati- 
cally, for an infinitesimal change, it may be expressed as: 

dU = &q+aw 

where &q is the heat gained by the system and &w is the work done on 
it. It may be noted here that &g and dw represent small changes in heat 
and work, respectively. ‘a&’ should not be confused with differential. It 
is regarded as incomplete or inexact differential because g and w are path- 
dependent. To calculate the total g and w, path must also be specified 
before integrating. On the other hand, dU is the complete or exact 
differential, 

For a finite change, 

- AU = q+w 
Energy is a state function and AU depends on initial and final states, 
whereas g and w depend on the path. However, whatever may be the 
process, AU is always equal to 4 + w if the initial and final states are 


well defined, 
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Note If the old convention of work (i.e. work‘done by the system is +ve) is 
considered, the first law may be expressed as AU = q—w, 


4.8 ENTHALPY OF A SYSTEM 
Enthalpy is defined as 
H = U+pV 
Since U, p and V are state variables, enthalpy is also a state function, 


i.e. the change in enthalpy on change of state is independent of the 
path. 


The change in enthalpy may be expressed as 
AH = AU-+-A(pV) 
If the process is carried out at constant pressure 
(AH = AU+pAV 
or dH = dU+-pdv 
s = q—påV+pdV (Here dU = q—pdV) 


P 
i.e., the enthalpy change for a system is equal to the heat absorbed by 
the system at constant pressure. 


4.9 HEAT CAPACITIES 


The heat required to raise the temperature of a system by one degree is 
called its heat capacity. For one mole of a pure substance, it is called 
the molar heat capacity (Cm). Heat capacity is of two types : 

Heat capacity at constant volume, 


re (3r) = G 


Heat capacity at constant pressure, 


c= (37), = (3), 


For an ideal gas, the difference between C, 


and Cr is 
C,—Cv = nR 
or Crm Crn = R 


(n = 1) 
Thus, for an ideal gas, the molar heat Capacity at constant pressure is 
3 ssure 1 


1K mol), city at Constant volume by R (8.314 


However, in general, for all states of matter 


or a? 


where « is P : 
the thermal €xpansivity and Ais the isothermal compressi- 
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` bility, defined by 
© TES 
SET) 


EAGLA 
and p= a(S 
EXAMPLE 4.4 Two hundred and eighty grams of nitrogen absorbs 100 
cal of heat without change in volume. In doing so, its temperature 
rises from 30° to 32°C. Calculate AU and the molar heat Capacity at 
constant volume, 


Solution The gas absorbs heat without change in volume, so that 


w=0 CA AV =10) 
Heat absorbed, q = 100 cal 
Now, AU = q + w= 100+0 = 100 cal 
Heat capacity at constant volume 
ôq 100 cal 
Cia ( ôr ), = G2—30)°e 
= 50 cal K`! 
: 0 
No. of moles of nitrogen = emit = 10 mol 
50 cal K> 


Molar heat capacity = = 5 cal K-! mol" 


10 mol 
Example 4.5 Work done during the expansion of a gas from 4 dm? to 
6 dm’, against a constant external pressure of 2 atm, has been used to 
heat 1 mol of water. What is the final temperature of water if initially 
it was 293K ? The specific heat of water at 293 K is 4.184 J g? K 


Solution Work done on the system, w = — Pex(Vo—Vi) 
Pee =2atm, %Vez=6dm3, V, = 4 dm? 
w = —2 atm X (6—4) dm? 
—4 atm dm? . 
—4X101.32J or = —405.28 J 
[1 atm dm? = 101,32 J] 
This means, work done by the system = 405.28 J 
This work is used up for heating water. 
Specific heat of water = 4.184 J K~ g-1 
Molar heat capacity of water = 4.18418 
= 75.312 J K- moli 
Now Cp,m AT = 405.28 J 


I 


405.283 
`i AT =75.312 J K2 = 538 K 
Final temperature = 293+5.38 
= 298.38 K 


EXAMPLE 4.6 A given sample of nitrogen gas, weighing 2.8 g at 27° C 
and 20atm pressure, was allowed to expand isothermally against a 
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constant external pressure of one atmosphere. Calculate AU, q and W, 
assuming ideal behaviour of the gas. 


Solution The gas is ideal and it expands isothermally 


AU=0 
or We ad 
W = — pes AV = —p,,(V.—Vy) 
2.8 
Pex = latm, n = zg = 0.1 mol 


V, and V, can be calculated as 
v nRT (0.1 mol) x (0.082 Z atm mol=?K-1) (300 K) 
1 


pı 20 atm 
= 0.1231 

nRT (9.1 mol) x (0.082 J atm molK~) x (300 K) 

Vi = ae 1 atm 
= 2.46 1 
w = —(l atm) x (2.46—0.123) I 

= — 2.337 l atm 
= — 2.337 X 101.32 J [1 Z atm -= 101.32 J] 
= —0.237 kJ 


EXAMPLE 4.7(a) Calculate the heat that must be supplied to raise the 
temperature of 2kg of water from 25°C to its boiling point at atmos- 
pheric pressure. Theaverage specific heat of water in the Tange 25-100°C 
is 1.0 cal g *K™. 

(b) How long will a 2 KW heater take to supply this energy ? 


Solution. Heat required for heating water, 


q =n Cpm AT 
n= 2A = 111.1 mol, AT = 100—25 = 75° 
Specific heat of water = 1.0 cal g K=, 


Molar heat capacity, Cpm = 1.0X 18 = 18.0 cal K-1 mol- 
q = (111.1 mol) (18.0 cal K“*mol™) x 75 K = 149.985 k cal* 
(b) Heat supplied by 2 kW heater = 2000 J s-t = 478.01 cal s74 
Time required to supply 149.985 kcal of heat = 313.8 5 


or = 5 min 13.8 s 


4.10 ENERGY, WORK AND HEAT FOR SOME PROCESSES 
FOR IDEAL GASES 


Isothermal Reversible Process 


. ‘ . : 
The internal energy of an ideal gas depends only on temperature, 
therefore, 


*Alternatively, heat required for heating water can be calculated as = mass x 
specific heat x aT = (2000 g)x(1.0 cal g-1 K-4) x75 K = 150000 cal = 150.0 k cal. 


- First Law of Thermodynamics 65 


dU = 0, dH = d(U+-pV) = dU+-d(RT) = 0 at constant T, 


q = —w 
w= —nRT In Z = — nRT In 2 
1 P2 
and q = nRT In r nRT In aa 


Isothermal Isobaric Expansion 


At constant T and Pex 


q=-w 
Va 
= | Pex AV = Dex AV 
VY 
i.e. all the heat absorbed is used by the system for doing work and hence 
dU =0 
Also, at constant T, d(pV) = d(nRT) = 0 
: : dH=0 


Reversible Adiabatic Expansion 


For adiabatic process, 
qe or dU = w 


or dU = l Cy dT 
T, 
= Cy (Ta—T)) (if Cr is taken as constant) 


The final temperature T, can be calculated from the relations 


LV =) DV 


or oy” 0h Syed, 
-Q 
where op 


EXAMPLE 4.8 (SI units) Calculate the amount of work done on 1.5 mol 
of a perfect gas at 300 K when it is compressed reversibly and isother- 
mally from a pressure of 1.01 X 10° N m™ to 5.05 10° N m™?. 


Solution For an isothermal reversible process, 
Work done on the system, w = — nRT In EF 
2 


n = 1.5 mol, pı = 1.01Xx 105 Nm, Pa = 5.05X 10° N m, 
T = 300 K, R = 8.314 J mol? K~ 


w = —(1.5 mol) X (8.314 J K mol“) x (300 K) X 2.303 log 
= 14.639X10° J or = 14.639 kJ 


1.01 x 105 
5.05 X 10° 
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V, = 20 dm? = 20x 10-m3, T = 300K 
a = 0.141 N'm‘ mol", b = 3.91 10-5 m? mol-} 


-3— 3.91 x 10-5 
w = (8.314 J Kol“) x (300 K) x 2.303 log ee 


+0.141 N m‘ mol? 


5788.40—63.45 
5724.95 J 
5.725 kJ 


1 1 w 
esas 10 — m | Be! 


4.11 JOULE-THOMSON EFFECT 


The phenomenon of change in temperature when a gas is allowed to 
expand from high to low pressure through a porous plug or a valve, is 
known as the Joules-Thomson effect. This effect is expressed quantita- 
tively in terms of the Joule-Thomson coefficient, pyr, which is defined as 
the rate of change in temperature with pressure when enthalpy remains 


constant, 3 
m= (ar a> = Cor) [CGE ), = - 6: (3e 
ACA 


ôH f $ PA 
For ideal gases, (42), is zero so that pyr = 0. If uyr is positive, 


I 


Il 


then, on expansion, the temperature of the gas decreases and cooling 
results. This principle is used in the liquefaction of gases. If pyr is 
negative and the gas is allowed to expand, the temperature of the gas 
increases. The sign and magnitude of pyr depends upon the gas and 
its conditions. For every gas, there is a temperature where uyr=0, 


called the inversion temperature. Below this temperature wir < 0 and 
above it pir > 0. 


EXAMPLE 4.13 (SI units) The Joule-Thomson coefficient for the van 
der Waals gas equation can be written as 


oie ee 
Ro CRT. 
Calculate the inversion temperature for He and H: from the follow- 


ing data: 
Gas a (N m‘ mol-2) b (m? mol-1) 
He 3.44 x 10-3 2.37 x 1075 
Ha 24.7 x 10-8 


2.66 x 10-5 
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Solution Joule-Thomson coefficient 


ne | 5 | 
io pCa MRT 


At ia: en T, pst = 0 


E ro -è ]=0 


or A 
RT, 
or T= jz ¥ 
Here R = 8.314 N m mol- K- 
T, (He) = 2X (3.44 x 10-3 N mê moi-?) 
: (8.314 N m mol! K-71) X (2.37X10- m? mol") 
= 34.9 K =— 238.1°C 
2x g - 3 4 -2 
T, (Hs) = (24.7X 10-3 N mê mol?) 


(8.314 N m mol"! K~1) Xx (2.66 X 1075 m? mol) 
= 223.4 K =— 49.6°C 


MISCELLANEOUS EXAMPLES 


EXAMPLE 4.14 (SI units) One mole of nitrogen, initially at 300 K, is 
expanded from 10 dm? to 20dm*. Calculate the maximum work done 
on the system 
(a) by the isothermal expansion 
(b) by the adiabatic expansion, ‘assuming ideal behaviour. 
(Assume Cy,m = 5/2 R) 


Solution The maximum work is done in a reversible manner. 
(a) when the gas expands isothermally and reversibly 


Vo 
Wmax = "RT In Ti 


n= 1 mol, T = 2713+27 = 300 K, V: = 20 dm, Yı = 10 dm? 
wmax =< — (1 mol) x (8.314 J K- mol-1) x (300 K) x 2.303 log 2 


= — 1.729 kJ 


(b) In adiabatic expansion of the gas 
w = nC, (Ta—T:) 


Crn =FR  Cym=LR Ta =30K 
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; ty 10 \7/5-2 ait (Chee -}) 
= (a0) 30 (= Gey 
= 227.4 K 
w = (1 mol) x (2 X 8.314 J K~ mor: ) X (227.4—300) K 
= S09 kI 


EXAMPLE 4.15 One mole of an ideal gas at 10 atm pressure is contained 
in a vessel at 300 K. The gas is expanded till the pressure becomes 2 
atm and the temperature reaches 400 K. Calculate the work done on the 
system and the heat absorbed by it if the change is brought about by the 
following processes: 

(a) The gas is expanded isothermally against a constant external pres- 
sure of 2 atm, then heated to the desired temperature at constant 
volume, and finally expanded till the final state is reached. 

(b) The gasis expanded by an isothermal reversible process, then 
heated to 400 K, and again expanded reversibly till the final State is 
reached. 

(c) The gas is first heated in an isochoric process and then expanded 
reversibly in an isothermal process, ‘ 

Cym Of the gas is 5.4 cal mol-. Show that, for all the Processes AU 
is same. 

Solution 
Path a 

(i) The gas is expanded isothermally and the final pressure is 2 atm. 
Work done on the system, 

w =— px dV =— p (V.—Vy) 


v= nRT, — (mol) x (0.082 atm l mol-! K-1) x (300 K) 
Pı 10 atm 
= 2.46 1 
V, = nRT; _ (1 mol) x (0.082 atm 7 moļ-1 K=) x (300 K) 
: P2 2 atm 
= 12.3 1 


W. 


S 


=— (2atm) x (12.3—2.46) I =— 19.68 J atm. 
=— 19.68 X 24.218=—476.6 cal [1 l atm=24.218 cal] 
For the expansion of an ideal gas at constant T, AU=0, Hence, 
fi = Wit 
= 476.6 cal 
(ii) The gas is heated from 300 K to 400K at Constant volume. Heat 
absorbed g2 = "Cyn (T2—T;) = (1 mol) x (5.4 cal K= mol") ` 


X (400—300) K = 540 cal 
Pressure utider these conditions = es atm 
(iii) Work done on the system on further expansion to final state 
We =— phV =— PVs—V2) 
V, =12.3 | 
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aRT _ (1 mol) xX (0.082 atm / mol K-1) x 400 K 


Va ae 2 atm 
= 16.4 
WwW = — (2 Ea ee: 3) 1 =—8.2 latm, 
or = — 8.2X 24.218 =— 198.6 cal 
and qs = 198.6 cal 
Thus, total work done w=wi+we=—476.6—198.6=—675.2 cal 
and q=qitgqe+4s=476.6+540+ 198.6=1215.2 cal 
l AU=q+w = 1215.2— 675.2 = 540 cal 
Path b 
(i) The gas is expanded isothermally N 10 atm to 2 atm. 
wa =— nRT In J =— nRT In 24 F 


=— (1 mol) X (0.082 atm 7 mol-t K=1)x (300 K)x 2.303 log 42 
=— 39.60 / atm =— 39.60.X 24.218=—959.0 cal 
qa =— Ws = 959 cal 
(ii) When the gas is heated from 300 K to 400 K 


Heat absorbed by the system 
qs = NCyym(T2—T1) = (1 mol) X(5.4 cal K-! mol™4) x (400—300) K 


= 540 cal 
(2 atm)X(400 K) _ 8 
Pressure under these conditions = — 0%. ~F atm 


(iii) Work done on the system in isothermal reversible expansion 
w, =— nRT In S =— (1 mol) x (0.082 atm / mol! K-1) 


x (400 K)X2.303 log Š> = 


=— 9.43 l atm =— 228.4 cal 
and qe =— w, = 228.4 cal 
Total work done in path b 
w = w+ w,=—959.0—228.4=— 1187.4 cal 
q = qa+qs+gs=959.0+540+228.4=1727.4 cal 
AU = q+w=1727.4—1187.4=540 cal 


Path c 
(i) The gas is heated at constant volume, 
q = nC,,„(Ta—Tı)=(1 mol) x (5.4 cal K-? mol?) x (400—300) K 


= 540 cal 
Pressure under these conditions=10 X oo = 2 atm 
(ii) The gas is expanded from 40/3 atm to 2 atm 
ws =— nRT In = = (1 mol) x (0.082 atm 7 mol K~) x (400 K) 


X 2.303 X log Ole 
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=— 62.24 latm =— 1507.3 cal 
and gg =— w; = 1507.3 cal 
Total work done in path c 
w = ws =— 1507.3 cal 
q = Git+qs=540+ 1507.3=2047.3 cal 
AU = q+w=2047.3—1507.3=540 cal 


Thus, it is clear that q and ware different in all three cases (as these 
depend on the path) but AU is the same. 


EXAMPLE 4.16 Calculate the values of AH and AU for the reversible 
isothermal evaporation of 180 g of water at 100°C. Assume water 


vapour behaves as an ideal gas (latent heat of evaporation of water 
=539.7 cal K~ g-), 


Solution Since AH is the heat absorbed at constant pressure, in evapo- 
rating 180 g of water, 5 

AH = 180X 539.7 = 97146 cal 

= 97.146 kcal 
AH = AU+ pAV ' 
The volume of liquid is negligible compared to that of vapour and 
water vapour is assumed to behave like ideal gas: 
pAV = PVxap = nRT 


AH = AU+nRT 
180 
”=-jg = 10 mol, T= 2734+100 = 373K, R = 1.98 cal mol! K- 
AU = AH—nRT 


= 97146—10 x 1.98 x 373 

= 89761 cal or 89.761 kcal 
EXAMPLE 4.17 (SI units) A coloured TV of 600 W is switched on ina 
room of dimensions 5X 4X3 m. Estimate the increase in temperature 
of the room after 15 min, if the average specific heat of air at room 
temperature and 1 atm is 0.71 J g7K-1 and the heat capacity of the 
four walls and the roof is 50108 J K-1 (Density of air 1.22 kg m-), 


Solution 


Heat given out by TV in 15 min = (600 J s-1)x (60X15 s) 


=54x104J 
Volume of the room = 3X4x3 = 60 m? 


Mass of air in the room = (60 m?) x (1.22 kg m=?) = 73.2 kg 
Heat capacity of air in the room = (0.71 J g-2 K-2) (73.2 10° g) 
= 51.972 103 J K-1 
Heat capacity of the four walls and the roof = 50x 10? J K-1 
Total heat capacity = (51.972 x 10°+-50 x 108) J K-1 
= 101.972 103 J K-1 
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Now, 
Heat given out by TV = Heat capacity xX AT 
54x 104 J = 101.972 10° J KX AT 
54108 
on AT ors r E 


Increase in temperature of the room = 5.3 K 


EXAMPLE 4.18 A gas obeys the van der Waals equation. Derive the 
relation for work done if the gas expands isothermally and reversibly 
from volume V, to V3. 


Solution The work done during expansion from volume V: to Ve 


V, 
w =— f pdV 
V, 
The van der Waals aR for one mole of gas is 
( p+ fi) (V-b) = R 
\ 
sy RE a 
oF V—b y 


Substituting the value of p 
V: 
RT a 
Od enya E 
V, 
V, 
= [ xr In (V—b) + $y; 


= TAR! 
Ranin, = pea È vin +] 
EXAMPLE 4.19 Prove that, for any substance, 


Ciia Cis =[2+( 57 = >) I), 


Further show that it simplifies to 
Cpm — C,,m = R for an ideal gas. 
Solution C,,, and C,,m are defined as 


oH pe ae? 
Cig’ (3 ), and Ca = ( ae ), 


Cpa Cnn = (Sr ) -( $5), (H = U+pV) 
[am] -( A 


ll 


ôT 


= (Fr), a -(3), o) 
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Since U = f(T, V) 


(or), = Gr) REA 


Substituting Eq. (2) in Eq. (1) 


ou aU OV 
Cin loa eS) +(37).( Sh) + ( 


oT 
Now PV =RT or y= 2T 
eR 
oT p 
So that Cpmn—C,;n = pe = 
Crsm—Cyym = R for an ideal gas 


EXAMPLE 4.20 The Joule-Thomson Coefficient is defined as 


Po (a) 
er ap 
Using this, derive the equation 


ov 
me EPC) 
Solution 
1 / 3H 
But H = U+pv 
1 alU+py 
m=- [A] 


pV 
op 


EEE 


= wl ff (200) 
y C, [( ôy L5 ),+ 


apV 


op 


),] 


(2) 
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QUESTIONS 


Numerical Problems 


4.1 


4.2 


4.3 


4.4 


4.5 


46 


4.7 


48 


4.9 


4.10 


4.11 


4.12 


4.13 


4.14 


4.15 


4.16 


(SI units) Calculate the amount of work done by 0.5 mol of an ideal gas at 
300 K when it expands isothermally and reversibly from 1 dm? to 10 dm?. 

(SI units) One mole of an ideal gas at 300 K was compressed reversibly from 
5 m? to a final volume of 200 m?. Calculate the work done on it. 


Calculate the work done to compress 0.5 mol of oxygen at 300K froma 
pressure of 1 atm to a pressure of 100 atm. 

(SI units) A quantity of nitrogen weighing 0.056 kg expands isothermally at 
400 K reversibly and isothermally, from 15 dm? to 45 dm’. Determine q, w, 
AU and AH for the system, assuming ideal behaviour of nitrogen. 

(SI units) Calculate the amount of work done on 2.5 mol of a perfect gas at 
300 K when it is compressed reversibly and isothermally from a pressure of 
1.0x 102 kPa to 5.0x 108 kPa. 


(SI units) One mole of an ideal gas absorbs 500 J of heat and expands from 
2 dm? to 6 dm? in vacuum. Calculate q, wand AU. 

(SI units) If 2.5 moles of an ideal gas at a certain temperature are allowed to 
expand isothermally and reversibly, from an initial volume of 2 dm? to 20 dm, 
then the work done on the gas is —16.5 kJ. Calculate the temperature of the 
gas. 

Two moles of a gas which behaves ideally are allowed to expand at 0°C against 
aconfining pressure in such a way that, all the time, it is infinitesimally less 
than the gas pressure. Calculate the work done and heat absorbed in this 
process if the initial and final pressures are 20 atm and 2 atm, respectively. 

A quantity of 0.5 mol of an ideal gas, initially at a pressure of 20 atm and 
300 K, is allowed to expand isothermally until its final pressure is 2 atm. 
Calculate the work done by it if the expansion is carried out (i) against vacuum, 
(ii) against a constant external pressure of 2 atm and (iii) reversibly. In 
which of these processes maximum work will be done. 

One mole of an ideal gas is heated at constant pressure (1 atm), from 0°C to 
120°C. (a) Calculate the work done in this process. (b) If the gases were expan- 
ded isothermally and reversibly at 0°C, from 1 atm to some other pressure 
p, what would be the value of p if the work done is equal to that in part (a) ? 
One mole of an ideal gas, with Cy,, = 12.47 J mol-! K-}, is heated reversibly, 
at a constant pressure of 760 torr, from —25°C to 25°C. Calculate AU and AH. 
(SI units) For a certain gas, Cy,, = 28.3 J mol-1 K-21, When 10 mol of the 
gas are heated at 298 K to temperature T°K, AH of the process has been found 
to be 1.831 J. Calculate T. 

Five moles of an ideal monoatomic gas is compressed reversibly and adiabati- 
cally, from a volume of 80 dm? at 1 atm to a pressure of 20 atm. Calculate 
the final temperature and volume of the gas. 

When 5 J of heat is transferred to 1 g of water at 20°C, its temperature rises 
to 21.2°C. What is the molar heat capacity of water in this temperature range? 
For helium gas, y = 1.66. Calculate the decrease in temperature if helium 
at 25°C is expanded adiabaticaily to triple its volume. 

One mole of an ideal monoatomic gas, initially at a pressure of 20 atm and 
300 K, is allowed to expand reversibly and adiabatically until its final pressure 
is2atm. How much work is done in this process by the gas ? 
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4.17 


4.18 


4.19 


4.20 


4.21 


4.22 


4.23 


4.24 


4.25 


4.26 


4.27 


4.28 


(SI units) Calculate q, w and AU for the adiabatic reversible compression of 
1 mol of a monoatomic gas from 25 dm? to 5dm?. The initial temperature 
of the gas is 300 K. 


initially at 300 K, from 2 dm? to 10 dm? (Com for the gas is 5/2 R). 


Calculate the work done when one mole of oxygen at 37°C expands isother- 
mally and reversibly from 5 dm? to20dm*, The van der Waals Parameters 
are a = 1.36 dm* atm mol- and 6 — 31.8 10-3 dm? mol-1, 
The Joule-Thomson coefficient for a van der Waals gas is 

2a/RT—b 
ty = Grow 
Calculate the inversion temperature for CH; ; a = 2.25 atm dm? mol-? and 
b = 0.043 dm? mol-1, 


The Joule-Thomson Coefficient for a van der Waals gas is 


Val.. 2a =p 
"r= c | er : 
Calculate AH for the isothermal compression of one mole of nitrogen at 300K 
from a pressure of 1 to 100 atm (a = 1,35 atm /? mol-2, b = 0,038 l mol-1), 


Oxygen is allowed to expand adiabatically through a porous Plug, in a Joule- 
Thomson experiment, from 100 atm to the final Pressure of latm. The tem- 


Perature of the gas drops from 25°C to —11°C. Calculate the Joule-Thomson 
Coefficient, 


The Joule-Thomson Coefficient of N, is + 0.25 K atm-1, Calculate the final 
temperature of the gas if 2 mol of Na, initially at 20 atm and 0°C, are 
allowed to expand adiabatically through a Porous plug until the final pressure 
is 1 atm. (Assume the Joule-Thomson Coefficient to be inde 
rature), 


Calculate the number of calories of heat required to warm a copper pan filled 
with 1 kg of water, from 25 to 60°C, if the pan weighs 200g. The average 
molar heat Capacity, at Constant pressure of copper = 5.85 cal K-1 mol-1 


and average molar heat Capacity C,,,, of water = 18 cal K-1 mol-1 (At mass of 
Cu = 63.5). 


room with the dimensions 5 x 4 x 4m, by 10K, assuming no heat is lost ? 


A real gas obeys the van der Waals equation of state. Calculate the changes 
% w and AU for n moles of the gas if it expands isothermally and reversibly. 


4.29 Show that 


Ge Cre a 3 (20), ] (28 
P 


EEA 


i 
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s 1 av 
(iii) w= |7 aT ),~ ] 
4.30 Show that the work involved in the adiabatic reversible expansion of one 
mole of an ideal gas is given by the relation : 


Wiese = Coe Ts [ T aes) 


If Cy,» and C,,,, are independent of temperature. 
QUIZ QUESTIONS 


Type A: Multiple Choice 


4.31 A system which can exchange matter as well as energy with its surroundings is 
said to be a/an 
(a) isolated system 
(b) open system 
(c) inert system 
(d) closed system 
4.32 A closed system is one which can exchange, with surroundings, 
(a) matter as well as energy 
(b) matter but not energy 
(c) energy but not matter 
(d) neither energy nor matter 


4.33 Any property whose magnitude is independent’ of the amount of substance 

present is called a/an 

(a) colligative property 

(b) intensive property 

(c) extensive property 

(d) none of the above ' 
4.34 An example of an extensive property is 

(a) temperature 

(b) pressure 

(c) molar volume 

(d) enthalpy 


4.35 Which of the following is not an intensive property ? 
(a) entropy 
(b) temperature 
(c) chemical potential 
(d) molar volume 
4.36 A process in which no heat enters or leaves the system is called 
(a) isothermal 3 
(b) isobaric 
(c) adiabatic 
(d) isochoric 
4.37 In an isochoric process \ 
(a) volume remains constant 
(b) pressure remains constant 
(c) temperature remains constant 
(d) energy remains constant 


4.38 AH and AU are related as 
(a) AU = AH + p AV 5 
(b) AH = AU — p AY 
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(c) AU = paV — AH 
(d) AH = AU + A (pV) 
4.39 Enthalpy H is defined as 
£ U 
@) H= E 
(b) H=U + py 
© H=U(p+V) 
(d H=U — py 
4.40 The difference between AH and AU at const 
(a) R $ (b) pav 
(c) Vap (a) + R 
4.41 For an adiabatic Process 
@ g=+w 
(b) AU < w 
(c) AU >w 
(d) g=0 
4.42 When a sample of an ideal gas is allowed to expand reversibly and isother- 
mally in vacuum, , 
(a) »=0,AU=q>0 
(b) AU=0,g=ws0 
(c) AU=0,g= — paVv 
(d) AU=q=w=0 
4.43 Which of the following is not a state function ? 
(a) g+w 
H 
(b) -F 
(c) U+ pV 
q 


(ee 


ant volume is equal to 


4.44 Which of the following is alwa 
(real or ideal) ? 
(a) temperature rises 


ys true for the adiabatic expansion of a gas 


(b) AU=0 
(c) g=0 
(d w=0 


4.45 Molar heat capacities Cp,» and Cy, m are expressed as 


aU oH 
(a) Cpm = (+ ) Com = 17), 


(d) Cpm = (2) Ca (24). 


4.46 The difference between molar heat Capacity at constant Pressure (C,,,,) and at 
constant volume (Cy,,,) for an ideal gas is equal to 
AH 
(a) 50 (b) R 


(c) pav s (d) zero 
4.47 Inan adiabatic expansion of an ideal gas in vacuum 
(a) AH=0 


4.48 


4.49 


4.50 


4.51 


4,52 


4.53 


4.54 
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(b) AU=0 

(c) AH = AU 

(d) AH = AU + RT 

The Joule-Thomson coefficient is defined as 


@ (25), 
w ($r), 


(c) (T P 


o (5r), 


For an ideal gas 
ôP 
Si =0 
w Er), 


ôU 
(b) Ce hopes 


(©) (+), ae 


o (2), -o 


The temperature below which a gas becomes cooler on expansion is called the 
(a) critical temperature 

(b) reduced temperature 

(c) transition temperature 

(d) inversion temperature 

The Joule-Thomson coefficient of an ideal gas is zero because 

(a) the molecules move in straight lines 

(b) the volume of molecules is negligible 

(c) there are no attractive forces between molecules 

(d) the molecules make elastic collisions 

At room temperature, the effect produced by the Joule-Thomson expansion of 
Hy and He is 

(a) cooling 

(b) heating 

(c) neither cooling nor heating 

(d) liquefaction 

During the reversible expansion of an ideal gas from volume V; to Vs, at 
constant temperature T, the work done on the gas is 


Va 
(a) —nRT ln A 

nRT aan 
(b) 3303-198 Va 

_ 2k wl 
(©) iy un av 


(d) —nRT (V: — V3) 

If heat absorbed by the system is q, work done on the system is w, and change 
in internal energy is AU, then the first law of thermodynamics may be expres- 
sed as 

(a) AU+g+ws0 
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4.55 


(b) AU=q+w 
(©) gq—w= aU 

q 
(d) AU = Fa 


Molar heat capacity at constant Pressure may be expressed as 


@ (4F), 
© (57), 


ôU ôH 
o (r), +(44), 


Type B: Multiple Choice (Numerical Problems) 


4.56 


4.57 


4.58 


4.59 


4.60 


4.61 


4.62 


The work done by the system ina cyclic process involving one mole of an 
ideal monoatomic gas is —50 kJ/cycle. The heat absorbed by the system per 
cycle is 

(a) zero (b) 50kJ 

(c) —50 kJ (d) 250 kJ 


and 760 torr to steam is —3.1 kJ, Calculate aU for the conversion (latent 
heat of vaporisation of water is 40.65 kJ mol-1) 

(a) 43.75 kJ (b) 101.35 ky 

(c) 37.55 kJ (d) —40.65 kJ 

One mole of an ideal gas (Cosm = 5 cal K-1 mol-1), initially at STP, is heated 


at constant volume to twice the initial temperature, For this process w and q 
are (assume R = 2 cal). 


(a) w=0, q = 1.365 kcal 

(b) w = — 1.365 kcal, q = 1.365 kcal 

(c) w=0, q = 1.911 kcal 

(d) w=0, g=0 

An ideal gas expands from 10-3 m? to 10-1 m? 
pressure of 105 N m-?, The work done on it is 
(a) —0.9 kJ (b) —900 kJ 
(c) 270KJ (d) —270 kJ 
A gas absorbs 400 Jof heat and expands by 2x 10-3 m? against a constant 
pressure of 1x10°N m-2, The change in internal energy of gas is 

(a) zero (b) 2003 

(c) —600 J (d) —200 J 

One mole of a gas absorbs 200 J of heat at constant volumė. Its temperature 
rises from 298 K to 308 K. The change in internal energy (AU) is 


at 300 K, against a constant 


(b) —200 J 
308 

() 200 x Sy] 
298 

(0 20 x ZJ 


Calculate the work done on the system if one mole of an ideal gas at 500 K is 


compressed isothermally and reversibly to one-tenth of its original volume 
(R=2 cal) 


4.63 


4.64 


4.65 


4.66 


4.67 


4.68 


4.69 


4.70 
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(a) 500 kcal 

(b) 1.151 kcal 

(c) —23.03 kcal 

(d) 2.303 kcal 

How many calories are required to heat 40.g of argon from 40 to 100°C at 
constant volume? (R = 2 cal mol- K-4) 

(a) 180 cal (b) 7.2 kcal 

(c) 40 cal (d) 1800 cal 

When 4.184 J of heat is transferred to 1 g of water at 20°C its temperature 
rises to 21°C. The molar heat capacity at this temperature is 

(a) 18 J K-! mol-? 

(b) ahr J K-1 mol-? 

(c) 75.4 J K-1 mol-1 

(d) 4.184 J K-t mol" 

The approximate heat necessary to raise the temperature of 92g of ethy] 
alcohol from 25 to 35°C at 1 atm pressure (C,,m = 26.8 cal °C-1 mol-?) is 

(a) 268 cal mol-? 

(b) 134 cal mol-? 

(c) 67 cal mol-? 


(d) 536 cal mol-? 
The time taken by a 1 kW heater to heat 1.8 kg of water from 25° to 35°C 


-(C,»m of water in this temperature range = 75.5 J K-+ mol-}) is 


(a) 75.5 min 
(b) 75.5 x 1.8 x 10 s 
(c) 1 min 15.5 s 


(d) 755s 
Two moles of an ideal monoatomic gas are allowed to expand adiabatically 


and reversibly from 300 K to 200 K. The work done on the system is 
(Cosm = 12.5 J K- mol-) ; 

(a) —12.5 kJ (b) — 2.5 kJ 

(c) —6.25 kJ (d) 50.0 kJ 

For the reversible isothermal expansion of one mole of an ideal gas at 300 K, 
from a volume of 10 dm? to 20 dm’, AH is 

(a) 1.73 kJ 

(b) —1.73 kJ 

(c) 3.46 kJ 


(d) zero 
One mole of a gas absorbs 500 J of heat at constant volume. Its temperature 


is raised from 25° to 35°C. The values of q, w and AU are 

(a) AU = 0, q = w = 500 J 

(b) AU = q = 500 J, w = 0 

(c) AU = w = 500 J,g = 0 

(d) AU = 0, g = 500 J, w = — 500J 

The heat capacity of air at room temperature and 1 atm pressure is 21 J 
K-! mol-}!. How much heat is required to heat a room through 1°K at room 
temperature (Assume air present in the room = 290 kg and average mol mass 
of air = 29)? 

(a) 210 kJ (b) 2100 kJ 

(c) 2103 (d) 420 kJ 


Type C: True or False 


4.71 


4.72 


The numerical value of change in internal energy is independent of the 
manner in which the change has occurred. 
Change in enthalpy is always larger than change in internal energy. 
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4.73 


4.74 
4.75 
4.76 
4.77 


4.78 


4.79 
4.80 
4.81 
4.82 
4.83 
4.84 
4.85 


The temperature below which a gas becomes cooler on expansion is 
called inversion temperature. 

The maximum work can be extracted from a system in a reversible manner. 
Temperature remains constant in adiabatic as well as isothermal processes. 
Energy is a function of state while work and heat are not. 

There is no theoretical proof for the first law of thermodynamics, it is based 
on human experience alone. 

During Joule-Thomson expansion, temperature decreases for all gases above 
the inversion temperature. 

Joule-Thomson coefficient is zero for an ideal gas. 

If a process involves contraction of a gas, then work done on it is negative, 
Temperature, mole fraction and chemical potential are all intensive properties. 
For an isothermal expansion of an ideal gas AU = 0 but AH >0. 

dU is an exact differential while tq and tw are inexact differentials. 


Work and heat are meaningfull only when a system undergoes a process, 
In a cyclic process AU = 0 


Type D: Fill in the Blanks 


4.86 
4.87 
4.88 
4.89 
4.90 
4.91 
4.92 
4.93 
4.94 


4.95 


A process in which no heat enters or leaves the system is called 
process. 


i he system as a whole is the sum of the values 
for different parts of the system is called... .-..Property. i 


For any constant-pressure reversible Drocess, the increase in enthalpy is equal 
to.. 


For systems in condensed phases at const 
AAR AE energy change. 

The heat capacity of a given amount 
number of moles and 


ant pressure, the entħalpy change 


When work has been done on the system, w is, 
been flown out of the System, g is.......... 


+++, and when heat has 


ANSWERS 


Numerical Problems 


4.1 2.872kJ 4.2 2285.83 4.3 5.744k] 4.4 q =7308.4 J, w =—7308.4 J, AU =0 
AH=0 4.5 14.639kJ 4.6 During expansion in vacuum, w = 0, q = 500J, AU = 


500 J 


4.7 344.7K 4.8 q= 5.227 k], w = —5.227 kJ 4.9. (i) 0 (ii) —1121.75 


(iii) —2872.1 J, Maximum work will be done in (iti) 4.70 (a) 238.44 cal (b) 0.6443 atm 


4.11 623.5 J, 1039.23 4.12 50°C 4.13 646.34 K, 13.25 dm? 4.14 75.76 J 
4.15 153,7 4.16 —2250.8J 4.17 q=0, w=7080.5 J, AU= 
(ii) —4.50 kJ 4.19 (a) —8.03 kJ (b) —5.92 kJ 4.20 
4.22 719.8 J mol? 4.23 +0.36 4.24 —4.94°C 4. 
4.27 Smin 51s 


mol-! deg-1 
7080.5 J 4.18 (i) —11.49 kJ 
—3.456 kJ 4.21 1276.2K 
25 52min 18s 426 35.645 kcal 


Quiz Questions 


4.50 (d) 4.51 (c) 4.52 (b): In Joule- 
inversion temperature, and heating abo 


isothermal expansion in vacuum, w = 0 = q and- AU 
-46 (b) 4.47 (b) 4.48 (a) 4.49 (c) 

Thomson expansion, cooling occurs below the 

ve the inversion temperature, For Hz and He, 
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inversion temperature is very low (—80°C and —173°C respectively). 4.53 (a) 
4.54 (b) 4.55 (d) 4.56 (c) 4.57 (c) 4.58 (a) 4.59 (a) 4.60 (b) 4.61 (a) 4.62 (d) 
4.63 (a) 4.64 (c) 4.65 (d) 4.66 (c) 4.67 (b) 4.68 (d) 4.69 (b) 4.70 (a) 4.71 True 
4.72 False: AH = AU + pAV; if system expands AV is +ve and AH > aU. If 
system contracts AV is —ve and AH < AU. If system does not undergo volume 
change AV = 0 and AH = AU 4.73 True 4.74 True 4.75 False: Temperature 
is constant only for isothermal process 4.76 True 4.77 True 4.78 False 4.79 True 
4.80 False 4.8/ True 4.82 False 4.83 True 4.84 True 4.85 True 4.86 an 
adiabatic 4.87 isobaric 4.88 homogeneous 4.89 inversion temperature 4.90 
extensive 4.9/7 heat absorbed at constant pressure 4.92 nearly equal 4.93 molar 
heat capacity 4.94 potential, kinetic 4.95 +ve, —ve 


5 
Thermochemistry 


Chemical reactions are normally accompanied by energy changes. 
These energy changes may occur in the form of heat, light or mechanical 
work. Sometimes, the energy changes associated with chemical reactions 
are more important than the products of the reaction, e.g. burning of 
coal and other fuels. The branch of science which deals with heat 
changes during chemical reactions is called thermochemistry. This 
chapter deals with the heats of various types of reactions and their 
temperature dependence. 


5.1 ENERGY CHANGES IN CHEMICAL REACTIONS 


A chemical reaction is generally accompanied by evolution or absorption 
of heat which may be written as 
A+B=C+D+4+ q (heat) 


If the reaction occurs at constant volume, then heat absorbed 


q, = AU 
If the reaction occurs at constant pressure, then heat absorbed 
q, = AH 


AU and AH are called the energy change and enthalpy change of a 
Teaction and are related by the equation (assuming ideal gas behaviour) 
AH = AU + AnRT " 


where AH = Aproducts E Hreactants 
AU = Uproduets S Ureactants 


An = Number of moles of gaseous products—Number of 
moles of gaseous reactants 


EXAMPLE 5.1 The enthalpy changes for the following reactions, at 25°C 
and 1 atm, are given below: 
(a) C:H;OH(1)+ 30,(g) ——— —> 2CO2(g)+3H2O(1) AH°=—1368 kJ 


(b) CH:COOH(1)+20:(g0)——— — 2C0:(g)+2H:0(1) AH°=—874 kJ 
Calculate the energy changes for these reactions. 
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Solution AH and AU are related as 
AH = AU+AnRT or AU = AH—AnRT 
(a) AH=—1368 kJ, An=2—3=—1 mol, T=298 K 
R=8.314 J mol-'K-! or 8.314 10-3 kJ mol“! K-? 
AU=—1368 kJ—(—1 mol) X (8.314 10-3 kJ mol-1 K-") x (298 K) 
=— 1365.5 kJ 

(b) AH=—874 kJ, An=2—2=0 

AU=AH=—874 kJ 


Temperature Dependence of AH and AU (Kirchhoff’s Equation) 
For a given reaction AH and AU generally vary with temperature. If 
AH; and AH; are the enthalpies of the reaction at temperatures T and 
Tı respectively and AC, is the difference between the sums of heat capa- 
cities of the products and the reactants at a given temperature T, then 
Ts 
AH:=AH,+ j AC, dT 
T, 
This is called Kirchhoff’s equation. The following special cases are of 
interest: 
(i) If AC, is zero, then AH, = AH, 
i.e. enthalpy of reaction does not change with temperature. 
(ii) If AC, is constant, then AH, = AHi+AC,(T2—T;) 
i.e. AH changes linearly with increase of temperature. 
(iii) If AC, changes with temperature, then the equation has to be 
“integrated by expressing AC, as a function of temperature. 
In a similar way, 
Ts 
AU, = AU, + Jac, dT 
It is generally possible to write C, and C, as: È 
To Cp = at bT + cT? +..: 3 5 
and ROR CARO OI is ; 
where a, b, c, ... and a', b’, c’,... are constants depending upon the 
nature of the substances. 


EXAMPLE 5.2 (SI units) The molar heat capacities for H2O(s) and 
H:O(1) are 37.7 J mol“! K-! and 75.3 J mol! K-2 respectively. The 
enthalpy of fusion of ice at —10°C is 5.627 kJ mol-1. Calculate the 
enthalpy of fusion of ice at 0°C assuming that molar heat: capacities are 
independent of temperature in this range, 
Solution According to Kirchhoff’s equation: 

Ts 

AH, = AH,+ | AC, dT 
T, 
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273 
ót AH(273) = AH (263) + | AC, dT 
263 
AH(263) = 5.627x10? J mol-! 
AC, = (75.3—37.7) = 37.6 J molt K-1 
AH(273) = 5627 J mol-!+(37.6 J mol- K~) x (273—263)K. 
= 6003 J mol"! 
=6.003 kJ mol"! J 
EXAMPLE 5.3 (SI units) For a hypothetical reaction 
A + B ——— AB 
‘AC, is given by the equation 40.0+5.0x10-°T J K= in the temperature 
range 300-600 K. The enthalpy of the reaction at 300 K is —25.0 KJ. 
Calculate the enthalpy of the reaction at 450 K. 
Solution According to Kirchhoff’s equation 


2 


AH, = AH, +| AC, dT 

Ts 
AH, or AH(300) =— 25 kJ =— 25000 J, 
AC, = (40+5x 10-7) J K~! 


450 


AH, ot AH(450) =— 25000 J + | (40+5 x 10-3 T) aT 


300 
=— 25000+40(450—300)+ 5x 10-9 4503007) 
=— 18718.8 J ‘ 
=— 18.72 kJ 
EXAMPLE 5.4 For the reaction at 25°C 


Fe:0;(s) + 3H2(g) 


———> 2Fe(s) + 3H.0(1) 
AH’? =— 35,1 kJ. 


Calculate the temperature at which AH= 


—28.5 kJ 
for the same reaction, at constant pressure, with the help of the following 
data; 

Substance Fe,0,(s) Fe(s) Ha(g) H:0(1) 
C) (J mol-? K-1) 104.5 25.5 28.9 75.3 


Solution According to Kirchhoff’s equation: 
Ts 


AM, = At, + | AC, ar 
Tı 
AC, =209 (Fe) + 3C} (H:0) — [ C; (Fe20,) + 8c? a | 


= 2X25.54+3x 75.3—[104.5+-3 x 28.9] 
= 85.7 J K- mo]-1 
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Let the temperature at which AH is —28500 J be T 
AH; or AH(T) =— 285005, 
AH, or AH(298)=—35100 J 


—28500=—35100 +f (85.7) dT 


298 
or —28500 = —35100+85.7(T—298) 
and ` T = 375 K =102°C 
5.2 HESS’S LAW 


Hess’s law states that the enthalpy change in a particular reaction is 
always constant and independent of the manner in which the reaction 
takes place. j 

According to this principle, the enthalpies of reactions can be added 
or subtracted algebraically. 
For example, 


Path(1) A—>B 


W an YA Pathti) A——C 
a3 C—+D 
ARNG 443. , 
1 D D—>B 
Deli a2 
— 


FIG. 5.1 Diagram illustrating Hess's law 


According to Hess’s law, 
AH = AH, + AH: + AHs 


or q=q + +4 
For example, carbon can be converted into CO» in two ways: 
Path 1: C(s) + Og) ———> CO:(g) AH = —393.5 kJ 
Path 2: C(s) +402 ———> CO(g) AH, = —110.5k3 
CO(g) + 402 ———> CO:(g) AH: = —283.0 kJ 
ths See et Sa 
Cls) + O(g) ————> COx(g) AH =— 393.5 kJ 


Thus, AH = AH, + AH: 4 
EXAMPLE 5.5 (SI units) Calculate the enthalpy of allotropic transfor- 


mation for 


C(graphite) ——-—> C(diamond) from the following data: 
C(graphite) + O2(g) ———> CO.(g) AH = —393.51 kJ (1) 
C(diamond) + O2(g)———> COs(g) AH = —395.41kJ (2) 
Solution The desired equation is 
C(graphite) —--> C(diamond) AH =? 
This can be obtained by subtracting Eq. (2) from Eq. (1). 
) ————> CO,(g) AH = —393.51 kJ 


C(graphite) + O(g 


C(diamond) + O(g) ————> CO:(g) AH = —395.41 kJ 
C(graphite) ———-> C(diamond) AH = 1.90 kJ 
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EXAMPLE 5.6 (SI units) Calculate the enthalpy of the reaction : 
2C(graphite) + 3H.(g) -—+C,H,(g) 
from the following data: 


(1) C(graphite) + O2(g) ————> CO,(g) AH = —393.5 kJ 
(2) H.(g) + 402 (g) ———~— H:0(1) AH = —285.8 kJ 
(3) CeHi(g) + ¢ Og) ——-> 2C02(g) + 3H20(1) 


AH = —1560.0 kJ 
Solution The required equation is 


2C(graphite) + 3H.(g) ———+ C:H,(g) 
Multiply Eq. (1) by 2 and Eq. (2) by 3 and add: 
2C(graphite) + 20.(g) ———— 2C0,(g) AH = —787.0 kJ 
3H.(g) + ł O2(g) ————> 3H:20(1) AH = —857.4kJ 
(4) 2C(graphite) + 3H,(g) + 70,(g) ———> 2CO.(g) + 3H.O(1) 


AH = —1644.4 kJ 
Subtract Eq. (3) from the above Eq. (4) 


CsHo(g) + % O2(g) ————> 2C0.(g) + 3H,O(1) 
AH = —1560.0 kJ 
2C(graphite) +3H.(g) —-—~> C,H,(g) AH = —84.4 kJ 


Thus, enthalpy of formation of ethane = —84.4 kJ 


5.3 TYPES OF ENTHALPIES OF REACTIONS AND PROCESSES 


The various types of enthalpies* 


of reactions and processes are discussed 
below: 


Enthalpy of Formation 


The enthalpy change accompanying the formation of One mole of a com- 
pound from its elements is called the enthalpy of formation. 
e.g. C(graphite) + 2H.(g) ————> CH,(g) AH = AH, 
2C(s) + 3H, + 0.50, ——-——> C:H;OH(1) AH = AH; 
If all the species of the chemical reaction are in their standard states, 
the enthalpy of formation is called the standard enthalpy of formation, 


expressed as AH? . The superscript ‘o’ indicates the standard state. The 


*According to IUPAC (1981 recommendations), the different types of enthalpy 
changes are expressed by notations such as: the enthalpy of formation. a,H; the 
standard enthalpy of formation AzH?°; the enthalpy of Combustion, A.H; the en- 
thalpy change due to a reaction A-H, the enthalpy of dilution, Aan, etc. In this 
notation, the symbol denoting the process is written as a subscript before the symbol 


for enthalpy. The changes in other Properties are similarly expressed, e.g the 
change in molar standard entropy due to sublimation of a solid, Agu» Se change 


in standard Gibbs free energy due’ to reaction, A,G°, However, we use the older 
notations in the present book as the newer notation has not yet gained popularity. 
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standard state of a substance is its most stable state under 1 atm (or 
101.325 kPa) pressure.* The enthalpy of every element in its standard 
state is arbitrarily taken to be zero. 

It may be noted that the standard state is not restricted to 2576, 
rather it can be expressed at any temperature. However, literature 
mostly records data at 25°C or 298.15 K. 

The standard enthalpy change AH? for a reaction is equal to the 
difference of the sum of the enthalpies of formation of the products and 
the sum of the enthalpies of formation of the reactants in their standard 
states, i.e. 

AH? = AH? —AH; 

products reactants 

In earlier literature, the enthalpy change for various processes was also 
called the heat of process, e.g. heat of combustion, heat of solution, 
etc. IUPAC has discouraged the use of these terms and, therefore, 
we shall stick to the latest convention and talk about enthalpy of a given 
process. However, it may be remembered that enthalpy change is equal ` 
to heat absorbed by the system at constant pressure. 


Enthalpy of Combustion 
The enthalpy change accompanying the complete combustion of one 
mole of a substance is called the enthalpy of combustion. r 
CH4(e)+20:(g8) ———> CO.(g)+2H20(1) AH = Enthalpy of 
combustion 


C,H,OH(g)+302(g) ——-> 2CO,(g)+3H:0(1) AH = AH. 


Enthalpy of Neutralisation 

The enthalpy change accompanying the neutralisation of one equivalent 

of an acid (or a base) by a base (or an acid) in sufficiently dilute aqueous 

solution is called the enthalpy of neutralisation of an acid (or a base). 

e.g. HCl(aq)++NaOH(aq) ———> NaCl(aq)+H:O AH = Enthalpy of 

neutralisation 

or H*(aq)+OH-(aq) ——> H:O : i 

The enthalpy of neutralisation of all strong acids and bases is nearly 

constant and is —13.36 kcal (or —55.90 kJ mol-!), 

Enthalpy of Solution 

The dissolution of a substance is accompanied by an enthalpy change 

called the enthalpy of solution. 

The heat liberated in this case is = —AHsin. For example, 
Urea(s)-+nH,0(1) ——— Urea(aq, m); AH = AHsin 

The value of AHsin depends on the final concentration of solute in the 

solution. It is also called the integral enthalpy of solution. If the 

solvent is in a large excess so that further dilution does not change 


*Recently, IUPAC has recommended that standard pressure should be taken as 
1 bar (100 k Pa). 
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AHgin, it is called the enthalpy of solution at infinite dilution. The 
differential or partial enthalpy of solution is an entha'py change when one 
mole of solute is added to a sufficiently large quantity of solution so that 
the final concentration is not much different from the original. 

Solution (c)+1 mole Solute = Solution (c) AHsın (diff.) 


At infinite dilution, the differential and integral enthalpies of solution 
become identical. 


Enthalpy of Hydration 


This is the enthalpy change accompanying the hydration of one mole of 
anhydrous salt to give the hydrated salt. 


e.g. CuSO,(s)+5H20 = CuSOs°5H:0 AH = Enthalpy of hydration 


= AHnya 
EXAMPLE 5.7 (SI units) Calculate the enthalpy of formation of liquid 
ethanol from the following data : : 
(a) CzH;0H(1)+302(g) ——— 2C0.(g)+3H20(1) AH = —1367.8 kJ 
(b) C(s)+02(g) ———> CO.(g) AH = —393.5 kJ 
(c) H2(g)+402(g) ——— H:0(1) AH = —285.8 kJ 
Solution The enthalpy of formation of ethanol, 

2C(s)+3H2(g)+40.(g) -—> C:H;OH(1) AH =2 
Multiply Eq. (b) by 2 and Eq. (c) by 3 and add 

2C(s)+202(g) ———> 2CO.x(g) AH = —787.0 kJ 

3H2(g)+2 O.(g) -> 3H: O(1) AH = —857.4 KJ 


2C(s) + 3H2(g) +#02(g) ——— 2CO.(g)+3H.0(1) AH = —1644.4 kJ 
Subtract Eq. (a) 


C-H; OH(1)+3 O(g) ———> 2C0O.(g)+3H20(1) 


2C(s)+3H2(g)+4 Ox(g) ———> C2H;OH(1) 
Enthalpy of formation of ethanol = —276.6 kJ 


AH = —1367.8 kJ 
AH = —276.6 kJ 


EXAMPLE 5.8 (SI units) The enthalpies of combustion of carbon and 
carbon monoxide in excess of oxygen, at 298 K and constant pressure, 


are —393.5 kJ and —283.0 kJ respectively. Calculate the enthalpy and 
energy of formation of carbon monoxide. 


Solution The enthalpy of formation of carbon monoxide is Tepresented 
as 

C(s)+4 O(g) ———> CO(g) AH=? 
Given that (i) C(s)+O.(g) —-> CO.(g) AH = —393.5 kJ 


(ii) CO(g)+4 O2(g) > COxg) AH = —283.0 kJ 
Subtract Eq. (ii) from (i) 


C(s)+4 Oa(g) ———> CO(g) AH = —110.5kJ 
Thus, enthalpy of formation of CO(g) = —110.5 kJ 


(ii) To calculate the energy of formation, i.e. AU we use 
AH = AU+AnRT 
AH =—1105KJ, An=1-2=}4, 


T = 273+25 = 298 K, 
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R=8.314 J mol K 
—110.5 kJ = AU+(4 mol) x (8.314. 107° kJ mol-! K~?) x (298 K) 


or AU = —111.7 KJ 

Energy of formation = —111.7 kJ 2 

EXAMPLE 5:9 (SI units) Calculate the standard enthalpy of formation 
of naphthalene (CipHs) when the standard enthalpy of combustion of 
naphthalene is —5153 kJ and the standard enthalpies of formation of 
CO: and H:O are —393.5 and —285.8 kJ respectively. 


Solution The desired equation is 
10 C(s)+4ĦH:(g) Sa CioHa(s) AH? =? 
Given that 


(a) CioHa(s) +12 O2(g) —— 10 CO.(g)+4H:0() 
AH? = —5153 kJ 


(b) C(s)+O2(g) —-— CO0.(g) AH? = —393.5 kJ 
(c) Ha(g)+402(g) ——— H:0()) AH? = —285.8 kJ 

Multiply Eq. (b) by 10 and Eq. (c) by 4 and add 
10 C(s)-+10 Ox(g) ———> 10 CO:(g) AH? = —3935.0 kJ 
AH? = —1143.2 kJ 


4H.(g)-+202(g) ——-— 4H:0(1) 
10 C(s)+4Ha(g) +12 Ox(g) ———> 10 CO:(g)+4H:0(1) 
a AH 


° = —5078.2 kJ 


Subtract Eq. (a) . 
CypHa(s)+ 12028) a 10CO2(g)+4H:20(1) AH? = —5153 kJ 


——-> CipHa(s) AH? = 74.8 kJ 


10 C(s)-+4H2(g) 
f naphthalene = 74.8 kJ 


Thus, enthalpy of formation O 


EXAMPLE 5.10 (SI units) Calculate AH and AU for the following 


reaction 

4NH,(g)+ 502(g) —— > 6H20(g)+4NO(g) 

The standard enthalpies of formation of NH;(g), HzO(g) and NO(g) 
are —46.19, —241.84 and 90.37 kJ, respectively. 


‘Solution ‘The given equation is 
4 NH3(g)+5 O2(g) —— 
AH = Enthalpies of products — 
6x AH? (H20)+4 AH; (No)—[ 48H} (NH) +5470) | 


= 6x (—241.84)+4X (90.37)—4x (—46.19)—0 

= —904.8 kJ : 

Also AH = AU+AnRT 

AH = —904800 J, n = 6+4—(44+5) = 1, 

— 33143 K-2molt, T= 298 K 

AU = AH—AnRT 

= —904800—-(1 mol) x (8.314 J K= mol) x (298 K) 
= —907.28 kJ 


6H:0(g)+4NO(g) 
Enthalpies of reactants 


lt 


bs) 
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EXAMPLE 5.11 The enthalpy of solution of anhydrous CuSO, and 
CuSO. ° 5H:0 are — 15.89 and 2.80 kcal Tespectively. Calculate the 
enthalpy of hydration of CuSO, to CuSO; - 5H:0. 


Solution The desired equation is 
CuS04(s)+5H:0(1) ——— Cuso, - 5H:O(s) AH=? 
Given that, 
CuSO,(s)-+aq ———> CuSO,(aq) AH, = —15.89 kcal 


CuSO, - 5H:0-+-aq ——=> CuSO,(aq) AH: = 2.80 kcal 
The process may be expressed as 


AH 
CuSO (s) Toy 80, (aq) 
N AH 
CuSO,,SH,0 


FIG. 5.2 Calculation of enthalpy of hydration of CuSO, 
to CuSo, + 5H,0 using Hess's Taw, 


According to Hess’s law, 
AH, = AH+AH, 
or AH = AH,—AH, = —15.89—2.80 


= —18.69 kcal 


Thus, heat of hydration of CuSO4 = —18.69 kcal 


5.4 BOND ENERGIES AND BOND ENTHALPIES 


The amount of energy required to break a bond be 
Ous state is called the bond dissociati 


average value of the bond dissociation energies is called the bond energy, 
eg. the bond dissociation energies of the C — H bond are : 
AH = 435 kJ mol~1 
CH; (g) ———> CH: (g) +H (g) AH = 370 kJ mol~? 

CH: (g) ——-> CH HE AR = 385 kJ mort 

CO == @+HG ARa 339 kJ mol~1 

The bond energy is the average of these four values, i.e. 382 kJ mol-!. 

The bond energy values can be used in estimating the enthalpy of forma- 
tion ofcompounds and enthalpy of reactions. 
EXAMPLE 5.12 (SI units) (a). Calculate AH? 


for the reaction 
C-H; (g) + 30: (g) ———> 2CO, (g 


y+ 2H.0 (g) 


Thermochemistry 93 


The average bond energies of various bonds are 


Bond C-H 0=0 c=0 O—H C=C 
Energy (kJ mol-1) 414 499 724 460 619 


(b) Compare the value of AH’ obtained by using the enthalpy of for- 
mation data: AH; [CO (g) = — 393.5 kJ mol™, AH? [H:O (g)] 


= — 241.8 kJ, mol™ and AH7[C.H, (g)] = 52.3 kJ mol. 


Solution In this reaction, four C—H, one C=C and three O=O bonds 
are broken and four C=O and four O—H bonds are formed: 


rt 
ink nine Ri a 
H H 

Z. AH? = 4AH(C—H) + AH(C=C) + 3AH(O=0) — 4AH(C=0) 


— 4AH(O—H) 
= 4(414) + 619 + 3(499) — 4(724) — 4(460) 
= — 964 kJ mol 
(b) Using enthalpy of combustion data 


AH? = 2AH? (CO) + 2AH? (H:O) — [AH? (C:H4) 


+ 3AH? (O,)] 


= 2 x (—393.5) + 2(—241.8) — [52.3 + 3 x 0] 
= —1322.9 kJ 
Thus, the enthalpy of reaction calculated from bond enthalpies is 
much lower than the actual value and therefore, the values so estimated 
are approximate. 


MISCELLANEOUS EXAMPLES 


~ EXAMPLE 5.13 In a bomb calorimeter 0.5 g of benzoic acid was subjected 
to combustion at 25°C. The temperature of the calorimeter system 
(including water) was found to rise by 0.55°C. Calculate the heat of 
combustion of benzoic acid at (i) constant volume (ii) constant pressure. 
The thermal capacity of the calorimeter system is 5.70 kcal K~. 


Solution (i) Calculation of heat of combustion at constant volume 


Weight of benzoic acid = 0.52 
Rise in temperature = 0.55°C 
Thermal capacity of calorimeter system = 5.70 kcal K~} 


Heat liberated when 0.5 g of benzoic acid undergoes combustion 
= 0.55 x 5.70 kcal 


fee bes 0,55i% 5.70% 199 
Heat liberated for one mole of benzoic acid = ey d 
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= 764.94 kcal 
Energy of combustion of benzoic acid = — 764.94 kcal 
(ii) Calculation of enthalpy of combustion (AH) 
The combustion of benzoic acid may be represented as 
C;HsCOOH(s) + H 0.(g)—>7C0,(g) + 3H,0(1) 


AH = AU + AnRT 


An=7— DT gy R= 1.987 cal K+ mot, 
T= 273 + 25 = 298 K 
AH = — 764.94 kcal + (— 3 mol) x (1.987 X 10-3 kcal K-12 
mol) x (298 K) 
= — 765.24 kcal 
Enthalpy of combustion of benzoic acid = — 765,24 kcal- 


EXAMPLE 5.14 (SI units) Enthalpy of neutralisation of CHCOOH by 
NaOH is —50.6 kJ mol. Calculate AH for the ionization of 
CHsCOOH. 


Solution The neutralisation ofa strong acid witha Strong base may be 
represented as 
H*(aq) + OH-(aq) = B00) AH = — 55.9 KJ mol" 
The neutralisation of acetic acid (CHsCOOH): 
CHsCOOH(aq) = H*(aq) + CH:COO- AHionisation 
H*(aq) + OH (aq)———H,0(1) AH = — 55.9 kJ mol-} 


CHsCOOH(aq) + OH (aq)——->CHsCO0-(aq)-+H,0() AAneutraiisation 
Obviously, 


AHneutralisation = AHionisation + (—55.9 kJ mol") 


or —50.6 kJ mol-? = AHionisation — 55.9 kJ mol-1 
f, AHionisation = —50.6 + 55.9 
= 5.3 kJ mol`: 


EXAMPLE 5.15 (SI units) The enthalpies of formation of some hydro- 
carbons are 


Hydrocarbon CH, C:H, CiHy CyHy 


C,H 
AH? (kJ mol-1) {74.8 —84.7 52.3 226.7 


—126.1 


Arrange them in the order of their efficiency, as fuel per gram (Enthalpies 


of formation of CO.(g) and H,0(]) are —393.5 and —285.8 kJ mol", 
respectively), 


Solution The fuel efficiency can be calculated from the amount of heat 
volved for every gram of fuel consumed, i 
calculating the heat of combusti 


(i) CHa The combustion of CHa, 
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CHi(g) + 20.(g) erie 3 CO.(g) + 2H.0(1) 
AH combustion = AH? (CO,) + 2AH; (H.0) = AH; (CHa) = 2\H; (O2) 


[AH? (O:) = zero] 
= — 393.5 + 2 x (— 285.8) — (—74.8) 
— 890.3 kJ mol 
Mol. mass of CH4 = 16 g mol™?! 
890.3 kJ mol-? 

16 g mol-? 

(ii) CxHs The combustion of C.He, 
C2Ho(g) + 7/2 O; (g) ——> 2CO.(g) + 3H:0(1) 


AHcombustion = 2 AH; (CO.) + 3AH? (H0) — AH; (CHo) 


= 2 X (—393.5) +3 x (—285.8) — (—84.7) 
= — 1559.7 kJ mol- 
Mol. mass of CH = 30 g mol~? 
1559.7 kJ mol7} 
30 g mol~+ 
(iii) C,H. The combustion of CH4, 


I] 


- Heat evolved per gram (g,) = = 55.64 kJ g~! 


Heat evolved per gram (q,) = = 51.99 kJ g7! 


CoHi(g) + 302(g) ——> 2CO.(g) + 2H:0(1) 
AH combustion e 2AH; (COz) + 24H; (HzO) = AH? (C2H4) 


= 2 X (—393.5) + 2(—285.8) — (52.3) 
= — 1410.9 kJ mol™ 
Mol. mass of C2Ha = 28 g mol" 
1410.9 kJ mol 
28 g mol`: 
(iv) C:2Hə The combustion of C2H2, 
C:H(g) + 5/2 O(g) ——— 2 CO.(g) + H:0(1) / 
AH combustion = 2AH? (COz) + AH? (H:0) — AH; (CH) 
= 2 X (—393.5) + (—285.8) — (226.7) 
— 1299.5 kJ mol 
Mol. mass of C:H: = 26 gm mol™ 
1299.5 kJ mol- 
26 g mo]? 
(v) CaHy The combustion of CsHio, 
CsHio(g) + 13/2 O2(g) ——-> 4CO,(g) + 5H,0(1) 


AHcompustion = 4 AH? (CO2) F SAH; (0) T AH; (Caio) 


4 x (—393.5) + 5 x (— 285.8) — (—126.1) 
— 2876.9 kJ mol-1 
Mol. mass of CaHio = 58 g mol 


Heat evolved per gram = = 50.39 kJ g 


Heat evolved per gram (qp) = = 49.98 kJ gt 


No 
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2876.9 kJ mol-} 
38 g mol“! 
Thus, decreasing order of fuel efficiency : 
CHs > C-H; > C-H; > CH; > CuHio 


Heat evolved per gram (q,) = = 49.6 kJ g7! 


EXAMPLE 5.16 A person-takes 15 breaths/min. The amount of air 
inhaled in each breath is about 450 ml and contains 21% oxygen by 
volume, while the exhaled air contains 16.1% oxygen by volume. If all 
the oxygen is used for converting sugar into CO,(g) and H:0(1), how 
much sucrose is burnt in the body in one day and what is the heat evolved 
(Enthalpy of combustion of sucrose is —5645 kJ moly we 


450 x 21 


Solution Oxygen inhaled in each breath Sie aad ml 
5 450 x 16.1 
Oxygen exhaled in each breath = — o m 
in the bod er breath = fo (21 — 16.1 ) 
Oxygen taken up in the body per br 100 k 
_ 450 
= ay X 4.9 ml 
: _ 450 
Oxygen taken up in the body per day = Too X 49 X 15 
X 60 X 24 = 476.281 
i epi 
Moles of O, taken in the body, n= -RT 


p=latm, V= 476.281, R= 0.0821atm mol~! K74 
T = 25 + 273 = 298 K (room temperature) 


is (1 atm) x (476.28 1) 19.49imol 
(0.082 / atm mol“? K~) x (298 K) ~ 19-49 mo 


Sucrose can be burnt as:- , 
CizH 22011 (s) + 120; (g) ———> 12CO, (g) + 11H,0 (1) 

AH = —5645 kJ mol`! 
Now, 12 mol of oxygen burns 1 mole or 342 g of sucrose 


19.49 mol of oxygen will burn = 242 x 19.49 


n 


= 555.5 g of sucrose 
1 mol or 342 g of sucrose, on combustion, liberates heat = 5645 kJ 


555.5 g of sucrose will, on combustion, liberate heat = ae 


9169 kJ 


ll 
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QUESTIONS 


Numerical Problems 


5.1 
5.2 


5.3 


5.4 


5.5 


5.6 


5.7 


5.8 


5.9 


5.10 


5.11 


5.12 


5.13 


(SI Units) The enthalpy of combustion of benzoic acid (C,H,COOH) at 25°C 
and 1 atm pressure is —2546.0 kJ mol~1. What is AU for the reaction ? 
(SI Units) The standard molar enthalpy of N, at 298 K is zero. Calculate the 
value at 328 K (C,,_ for Ny=29.12 J K-21 mol-), 
(SI Units) The AH” for the reaction 

2CO(g)+O2(g)——>2C0,(g) 


at 27°C is —565.9 kJ mol`! and Cc sare 


Cym(CO) = 28.41 + 4.10 x 10-3 T — 4.6 x 108 T- 
Cosm(O2) = 29.96 + 4.18 x 10-3 T — 1.67 x 105 T-: 
Cr»m(CO:) = 44.22 + 8.79 x 10-3 T — 8.62 x 105 T-: 
Calculate AH” for this reaction at 1000 K. 
The enthalpy of vaporization of water 
H,0(1)——->H,0O/g) 

at 25°C is 44.0 kJ mol-1. Calculate the enthalpy of vaporization at 100°C, 
Crm[H:0(1)] = 75.30 J K~! mol-1, C,,m{H20(g)] = 33.6 J K-1 mol-1, 
The enthalpy of formation of steam from gaseous hydrogen and oxygen is 
—241.8 kJ mol-! at 25°C. The Constant-pressure molar heat Capacities of 
hydrogen, oxygen and water are 28.8, 29.4 and 33.6 J K-1 mol-1 respectively, 
Calculate the enthalpy of steam at 125°C, 
(SI Units) The enthalpies of formation of H:0(1), COa(g) and C:H,(g) are 
—285, —393 and —104 kJ mol-1 respectively. Calculate the enthalpy of 
combustion of propane, 
What is the enthalpy of phase transition 

S(rhombic)——-—>S(monoclinic) 
If S(rhombic) + 03(8)-—-+S0,(g) AH? = — 296.06 kJ 
S(monoclinic) + O2(g)--—->S0,(g) AH? = — 296,36 kJ 


Enthalpies of formation of FeO(s) and Fe:O,(s) are — 267.9 and —822.2 kJ, 
respectively. Calculate the enthalpy of the reaction 
2 FeO(s) + 3 O2(g)———>Fe20,(s) 

(SI Units) The molar enthalpies of fusion and vaporization of water are 
6.0 kJ mol-1 and 44.0 kJ moi-}, respectively. Calculate the molar enthalpy 
of sublimation of ice. 
(SI Units) From the following neutralization data of a weak acid (HA), 

HA + OH-———>A- + H,O AH = — 41,80 kJ 

H+ + OH-——-—>H,0O AH = — 55.90 kJ 
Calculate the enthalpy of dissociation of HA. 


The enthalpy of neutralization and enthalpy of ionization of HCN 
are —12.13 and 43.77 kJ mol-}, respectively. Calculate the enthalpy of 
neutralization of a strong acid witha strong base. 


(SI Units) The enthalpies of neutralization for CHCOOH with NaOH and 
NH,OH with HCI are ~50.6 and —51.4 kJ mol™*, respectively, Calculate 
the enthalpy of neutralization of CHCOOH and NH,OH. 

(SI Units) The enthalpy of formation of gaseous hydrogen peroxide is 
—130.0kJ mol-* and enthalpies of H(g) and O(g) are + 217.5 and +248 kJ 
mol}. Calculate the bond enthalpy of the O—O bond if that for the O—-H 
bond is 462 kJ mol-}. 
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5.14 


5.15 


5.16 


5.17 


5.18 


5.19 


5.20 


5.21 


5.22 


5.23 


(SI Units) Acetaldehyde reacts with hydrogen gas to form ethyl alcohol. 
Calculate the enthalpy of the reaction from the following bond enthalpics 
data: 

H—H = 436 kJ mol-t O—H = 463 kJ mol-1 

C—O = 351 kJ mol-: C—H = 413 kJ mol-1 

C=O = 732 kJ mol-! 

(SI Units) Calculate the enthalpy of formation of KOH(s) from the follow- 
ing data : 

K(s) + HOU) + ag——-—>KOH(aq) + } H:(g) AH = — 195 kJ 

H.(g) + 4 Oa(8)——->H:0(1) - AH = — 285 kJ 
KOH(s) + aq——>KOH(aq) AH = — 55 KJ 

The heat of solution of BaCl - 2H20 is 2.1 kcal and the heat of hydration of 
anhydrous BaCl, is —7.03 kcal. What is the heat of solution of anhydrous 
BaCl: ? 

(SI Units) On dissolving 100 g of anhydrous CuSO, in water, the heat evoly- 
ed is 41.7 kJ. The same amount of the crystalline substance CuSO, * 5SH,0, 
on dissolving, absorbed 4.7 kJ. Calculate the heat of hydration of CuSO, 
per mole, : ; 

Calculate the enthalpy of formation of anhydrous AlCl, from the following 
data: 


2Al(s) + 6HCl(aq)——~Al,Cl,(aq) + 3H,(g) AH = — 240 kcal 
H:(8) + Cle(g)——->2HCl(g) AH = — 44 kcal 
HCI(e) + (aq)——->HCl(aq) AH = — 105 kcal 
AlaClo(s) + ag——>Al:Cl,(aq) AH = — 153.7 kcal 


At constant volume and 27°G, 

2C,H,(1) + 1502(g)——-+12C0,(g) + 6H,O(1) + 1600 kcal 

2C3H2(g) + 50:()——->4C0.(g) + 2H20(1) + 620 kcal 

Calculate the enthalpy of conversion of acetylene into 1 mol of benzene, at 
Constant pressure and 27°C. 
(SI Units). Calculate AH for the reaction 
K(s) +- 4 Fa(8)——->KF(s) 

from the following data 


K(s)——>K(g) AH = 90.0 kJ 
K(e)——->K+(e) + e- AH = 418.8 kg 
F:(8)———>2F (g) AH = 150.6 kJ 
F-(g)——>F(g) + e- AH = 333.0 kJ 
KF(s)———>K+(2) + F-(g)- AH = 803.3 kJ 


(SI Units) The enthalpies of formation of ethane, propane, butane, CO2(g) 
and HzO(1) are —84.6, —107.6, —126.1, —393.5 and —285.8 kJ mol-, 


respectively, Which of ethane, propane and butane can be used as an 
efficient fuel on mass basis, 


(SI Units) The enthalpy of atomization of hydrazine, according to the 
equation 


NaHj(g)——>2N(g) +°4H(g) 
is AH°at = 1724kJ mol-1, Estimate AH” for fission of t 
for fission of the N—H bond is 391 kJ mol-1, 


(SI Unit) How much heat will be Produced -in slaking 5kg of quicklime 
(CaO) according to the reaction, 


CaQ(s) + H20(1)——->Ca(OH),(s) 
AH? [c00] = ~ 634 kJ mol-1 


AH? [H.00 | = — 286 kJ mol-1 


AH? [ CaOH).(9)| = = 986 kJ mol-1 


he N=N bond if aH® 


5.24 


5.25 
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How much heat is required to convert 1 kg of ice at —10°C to steam at 
110°C? (Assume specific heat of ice, water and steam are 0.5, 1.0 and 0.5 
cal g-? K-3). $ 

(SI Units) Estimate the enthalpy of combustion of 5 dm? n-octane (density 
=0.7 kg dm=?) in excess oxygen giving CO:(g) and H:O(g) from the following 
bond enthalpies data : 


Bond C=C C-H O-H C=0 0=0 
Bond enthalpy 348 413 463 732 498 
(kJ mol~:) 


QUIZ QUESTIONS: 


Type A: Multiple Choice 


5.26 


5.27 


5.28 


5.29 


5.30 


-5.31 


5.32 


The variation of enthalpy of reaction with temperature is given by 

(a) Arrhenius equation 

(b) Kirchhoff’s equation 

(c) Hess’s law 

(d) Claussius Clapeyron equation 

AH and AU for the reaction S(s) + 3/2-O2(g)——->SO,(g) are related as 
(a) AH = aU + RT 

(b) AH = AU — 0.5 RT 

(c) AH = AU + 3/2 RT 

(d) AH = AU — 3/2 RT 

In which of the following neutralization reactions will the enthalpy of neu- 
tralization be the smailest ? 

(a) NaOH with HCI 

(b) NaOH with CH;COOH 

(c) HCl with NH,OH 

(d) CHCOOH with NH,OH 


In which of the following reactions is AH not equal to AU ? 
(a) HCl(aq) + NaOH(aq)——->NaCl(aq) + H:O 

(b) C(s) + Ox(g)——+CO.(g) 

(c) Ha(g) + Ia(8)—->2HI(g) 

(d) Na(g) + 3Ha(g)——->2NHa(g) 

The enthalpy change accompanying the reaction 


Ba2+(aq) + SO{7(aq)——->BaSO,(s) is 


(a) enthalpy of solution 
(b) enthalpy of neutralization 
(c) enthalpy of dilution 
(d) enthalpy of precipitation 


Which of the following enthalpies is always negative ? 
(a) enthalpy of formation 

(b) enthalpy of solution 

(c) enthalpy of combustion 

(d) enthalpy of melting 

The enthalpies of combustions are 

AH, (C2H6) = — 1560 kJ 

AH. (C:H,) = — 1411 kJ 

AH. (CyHio) = — 2877 kJ 

AH. (CH4) = — 890.4 kJ 
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Which of these has the lowest efficiency as fuel, per gram? 
(a) C:H, (b) C:H, 
(c) CHo (d) CH, 

5.33 For which of the following reactions is AH less than AU? 


(a) CcHi20,(s) + 602(8)-—+6C0.(g) + 6H:0(1) 
(b) 2SO.(g) + O2(g)——->2S0,(g) 

(c) N:0O.(g)——->2NO,(g) 

(d) N2(g) + O:(g)——+2NO0(g) 


5.34 For the reaction 
C(s) + 4 O:(g)-—-+CO(g), 
which is correct ? 
(a) AH < AU 
(b) AH = aU 
(c) AH > AU 
(d) none of these 


5.35 According to Kirchhoff’s equation, the enthalpies at two temperatures are 


T2 

(a) AH: = aH, +facy dT 
oy 
Ti 

(b) AH: — AH, =| AC, dT 
Ts 


T2 
(c) AH, = AH, +fac, dT 
T. 


1 


T2 
(d) AH: = AH, +{ac, aT 
T 


1 


Type B: Multiple Choice (Numerical Problems) 


5.36 The enthalpies of combustion 
kJ and —283 kJ 
monoxide is 


(a) 110.5 kJ (b) 676.5 kJ 
(c) —110.5 kJ (d) —676.5 kJ 


5.37 The enthalpies of formation of gaseous N 
90 kJ mol-1, The enthalpy of the reaction 


of carbon and carbon monoxide are -393.5 ` 
» respectively. The enthalpy of formation of carbon 


20 and NO at 298 K are 82 and 
N.0(8) + 4 O:——-52NO(g) is 
(a) —8 KJ (b) 98 kJ 
(c) —74 kJ (d) 8 kJ 
5.38 The enthalpy of dissolution of BaCl, 
8.8 kJ mol-1 respectively. The enth 
+ 2H,O——~>BaCl * 2H,0 (s) is 
(a) 29.4 KJ 
(c) —11.8 kJ 


(s)and BaCl: - 2H,0 (s) are —20.6 and 
alpy change for the reaction BaCl (s) 


(b) —29.4 kJ 
(d) 38.2 KJ 


5.39 


5.40 


5.41 


5.42 


5.43 


5.44 


5.45 


Thermochemistry 101 


Consider the reaction: 

SO,(g) + 4 O.(g)——+SO,(g) AH = —98.3 kJ 
Tf the enthalpy of formation of SO3(g) is —395.4kJ, then the enthalpy of 
formation of SO(g) is 


(a) 297.1 kJ (b) 493.7 kJ 

(c) — 493.7 kJ (d) —297.1 kJ 

For the reaction C,H,(1) + 7} O.(g)——->6CO,(g) + 3H:0(1) 

AH(27°C) = — 780.9 kcal. AU for the reaction will be (assume R = 2 cal 
mol-1 K-?) 

(a) —781.8 kcal (b) —780.0 kcal 

(c —780.75 kcal (d) —781.05 kcal 


The enthalpies of combustion of C (graphite) and C (diamond) are —393.5 
and —395.4 kJ mol-! respectively. Enthalpy of conversion of C (graphite) 
to C (diamond) is 

(a) 1.9 kJ (b) —1.9 kJ 

(c) —788.9 kJ (d) 788.9 kJ 

The enthalpy of a reaction at 273K is —3.75 kJ. What will be the 
enthalpy of reaction at 373 K if AC, = zero. 


(a) —3.75 kJ 
(b) zero 
373 
(c) —3.75 x saa kJ 
(d) —375 kJ 


The enthalpy changes at 298 K in successive breaking of O—H bonds of 
water, are 
H,O(g)———H(g) + OH(g) AH = 498 kJ mol-! 
OH(g)———>H(g) + O(g) AH = 428 kJ mol-? 
the bond enthalpy of the O—H bond is 
(a) 498 kJ mol-* (b) 463 kJ mol-? 
(c) 428 kJ mol“? (d) 70 kJ mol-1 


For the reaction at 298 K, 
H,(g) + $ O2x(g)——+H,O0(g) AH =— 242 kJ 
AC, is —10 J K-1. Calculate AH at 398 K. 
(a) —1242 kJ (b) —243 kJ 
(c) —241 kJ (d) —1.242 kJ 
The enthalpy of neutralization of HCI by NaOH is —55.9 kJ and that of 
HCN by NaOH is —12.1 kJ mol-!. The enthalpy of ionization of HCN is 
(a) —68.0 kJ (b) —43.8 kJ 
(c) 68.0 kJ (d) 43.8 kJ 


Type C: True or False 


5.46 
5.47 


5,48 
5.49 
5.50 
5.51 


Bond enthalpies of diatomic molecules is equal to bond enthalpies of 
dissociation. 

If AC, of a reaction is zero, enthalpy of reaction does not change with 
temperature. 

At infinite dilution, differential and integral enthalpies of solution are equal. 
Enthalpy of combustion is always negative. 

AH is always greater than AU for reactions. 

AH? for the combustion of CsH,(g) to give CO,(g) and H,O(1) is less than 
AU’. 
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5.52 The enthalpy of every element in its standard state, 
zero. 


at all temperatures, is 
5.53 The enthalpy change in dissociatin, 
. Called enthalpy of ionization, 
5.54 The most common substance for the st 
benzoic acid. 


5.55 The enthalpy of neutralization of HCI by N. 
neutralizaticn of CH,COOH by NaOH, 


8g a molecule into its constituent atoms is 
andardization of calorimeter is 


aOH is less than the enthalpy of 


ANSWERS 
‘Numerical Problems 


5.7 —2544.8 kJ mol-1 5.2 0.8736 kJ 5.3 


5.5 —242.71 kJ 5.6 —2215 kJ mol-1 5.7 0.30 kJ 5.8 —286.4 kJ 5.9 50.0 kJ 
5.10 14.10 KJ 5.11 —55.90 kJ 5.12 —46.1 kJ 5.13 137 kJ mol-1 5.14 —59 kJ 
mol* 5.15 —425 kJ 5.16 —4.93 kcal 5.17 —78.2 kJ 5.18 —323.3 kcal 
5.19 —131.8 kcal 5,20 552.2 kJ 5.21 C,H, 5,22 160 kJ mol-1 5,23 5892.8 kJ 
5.24 The total AH can be calculated from the steps; AH, (heating ice from —10°C 
to ice at 0°C) = 5 keal; AH, (melting of ice at 0°C) = 80 kcal; AH; (heating water 
from 0° to 100°C) = 100 keal; AH, (vaporization to steam at 100°C) = 540 kcal; 
AH; (heating steam from 100° to 110°C) = 5 kcal, Thus AH = 730 kcal 5.25 Cal- 
culate AH. from the equation CsHis + 12.5 0.——-+> 8CO, -+ 9H,0 AH, = 
[16aH(C=0) +. 18AH (O—H)] — [748(C—C) + 18AH (C—H) + 12.5AH (O=0)] 
= — 3951 kJ mol-1, Moles of Octane = 5.0 dm? X 700g dm-3/114 g mol- 
Enthalpy of combustion for 5.0 dm? = 121.303 x 103 kJ mol-1 

Quiz Questions 


5.26 (b) 5,27 (b) 5.28 (a) 5.29 (d) 5.30 
5.34 (c) 5,35 (d) 5.36 (c)~ 5:37 (b) 
542 (a) 5.43 (b) 5.44 (b) 5.45 (d) 5.46 True 5.47 True 5.48 True 
5.49 True 5.50 False 5.57 True 5:5, 3 It is called enthalpy 
of atomization 5,54 True 5.55 False 


—565.75 kJ 5.4 40.872 kJ 


6 


The Second and Third 
Laws of Thermodynamics 


The first law of thermodynamics is concerned with the conservation of 
energy. However, it cannot “determine the feasibility or spontaneity of 
a process which is decided by the second law of thermodynamics. The 
second law of thermodynamics helps us to predict whether a given 
process or chemical reaction can occur spontancously or not and also 
helps to assess how far the reaction will proceed or the stage at which 
equilibrium will be established. > 


6.1 CYCLIC PROCESS AND CARNOT CYCLE * 


As defined in Ch. 4, a cyclic process is one in which the system, after 
undergoing various processes, returns to its initial state. 

Since the'internal energy of the system depends only upon its state, 
AU will be zero and the work done by the system during all these 
processes (steps of cyclic process) should be equal to the heat absorbed 
by itie., 4 x 


x AU=0=q+w orq = —w 
or | p ta Fae = li + we + Ws +2. 
where q1, qe, 3». - -are heats absorbed and Wi, We, Wss». . are works. 


done in the several processes constituting the cycle. 

A reversible cyclic process, when applied to an ideal gas, is called a. 
Carnot cycle. The system may be taken as one mole of an ideal gas 
enclosed ina vessel fitted with a frictionless piston. The initial state of 
the system is represented by pı, Vı and Tı» The Carnot cycle is complet- 
ed in the following four steps: 
as is expanded isothermally and reversibly so that pressure 


Step 1 Thes A : 
and V», while temperature remains Ti. 


and volume change to p2 


y, 
AU, =0,. w= RTs In 
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Pro oT, 


STEP -4 
ese 
(Adiabatic) STEP 2 
(Adiabatic) 


PRESSURE ——> 


PY, h 


STEP 3 


PL »V,,T. 
(Isothermal) P32 


VOLUME ——_» 


FIG. 6.1 Carnot cycle consists of 4 Processes. Steps I and 
3 are isothermal whereas 2 and 4 are adiabatic, 


and a= RT, In E (V.z>V,) 


Step2 The gas is expanded adiabatically and reversibly, from volume 


V, to Vs and Pressure p, to ps. The temperature falls from T; to To. 
During this process, 


AU, = Cy (T, — Ty) 


No heat is transferred in this process, Therefore, according to first 

law of thermodynamics, 
q=0 

and Ws = Cy (T, — 7) (T;,<T,) 

Step3 The gas is compressed reversibly and isothermally to the state 

Tepresented by py, Vs and Th. During this process, 


AU= 0, m= RT, In Ve 
Vs 


y, 
and 92 = RT, In A (Va< V3). 


Step 4 The gas is compressed adiabatically and reversibly so that it 
achieves the initial state (11, Vi, Ty). During this Process, 
BUS CR Tg city 
and wi = Cy (Ti = T,) 
The overall energy change, work done on the gasand heat absorbed 
are 


AU = XAU, = 0+ O(% = T) +04 ET- 7) =0 
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w = Zw; = — RT, in + Cr (Ta —T) 
1 
V; 
— RT, n-p + Cr (Ti — Ta) 
aae Vee Vs 
= — RT In 7 RT, In A 


Steps 2 and 4 are adiabatic and therefore, 


G C; 
T VÍR V,=T: VIRY, 


C C 
and TVR A =7,"/8 Vi 
age, Vas 
Vs et Va 
Va Vs 
or oy 
5 ane 
w= R(Ti T.) In 7, 
Similarly, 
= y Vz Va 
q = 2q, = RT, In A + RT, In V, 
Va 
= R (Tı — T.) In A 
It is obvious that for this cycle g = — w, i.e. work done by the gas 


is equal to the net heat absorbed. 


62 EFFICIENCY OF THE TRANSFORMATION OF HEAT 
INTO WORK 


It may be noted that the heat qı absorbed in a Carnot cycle, from the 
* source at a higher temperature, is not completely converted into work. 
Some of it is uselessly rejected to the sink at lower temperature. The 
ratio of the network done during the cycle and the total heat absorbed 


( = ) is called the efficiency, n, of the Carnot engine. 


Ve 
a R (Tı—T:) In TA T-T, 
Efficiency, 7 = = 7 i 
a RT; In = 1 
1 
According to the first law of thermodynamics, 
—w = qi + q2 50 that 


Tiı— T qı+42 


p Tı qı 


` 
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Since T2<T,, <1 

Also qı+q2<qı because q2 is negative. 

This shows that efficiency is always less than one, i.e. all the heat 
absorbed at a higher temperature is not converted into work. Itis clear 
that the efficiency of a cyclic engine depends only on the temperatures 
Tı and T, (i.e. of the source and the sink) and is independent of the 
nature of the engine fluid or the mode of operation of the engine. The 
Carnot theorem is expressed as—all cyclic engines working between the 
same temperatures of the source and the sink bave the same efficiency. 
EXAMPLE 6.1 A heat engine works between 127°C and 27°C. Calculate 
the efficiency of the engine. 

Solution Efficiency of an engine 
1— +42 
= Ts 

Tı = 273 + 127 = 400K, T: = 273 + 27 = 300K 
5 400—300 

= B400°=) 0.25 
Efficiency of the engine = 25% 
EXAMPLE 6.2 Calculate the minimum amount of heat that must be with- 
drawn from the hot reservoir at 137°C to obtain work equivalent to 15 kJ 
per cycle. The temperature of the sink is 17°C. 
Solution Efficiency of an engine is 


a 
7 =a 


1 qı 
Tı = 273 + 137 = 410K, T, = 273 + 17 = 290K, —w = 15ķJ 


L 410 290 _ 120 | 
PaO aig = 029 


2 tal! 
and ) = —— 


Heat that must be withdrawn from the hot reservoir, 


—w 1 
qı = 7 > 0.29 51:72 kJ 


6.3 CARNOT CYCLE AND 


ENTROPY ' 
According to the Carnot cycle, w 
efficiency is, 5 
Ut a Ii=T, A 
qı Ti g 
q2 Die. 
or T, T a 0 
A reversible cycle, can be consi- 
dered to be consisting of a number 
of Carnot cycles (Fig. 6.2), VOLUME 
Fig. 6.2 4 reversible process considered 
a E = to be divided into a number of 


Carnot cycles, 
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When the changes are infinitesimal, | 


dq _ 
ET, = 0 
In the limit, we replace summation by integration, 
[a =o 
T 


This means that although the sum Edq; or Sdgrev for the process is not zero, 
but if it is divided by Tit becomes equal to zero. This implies that dqrey|T 
represents change in some thermodynamic property. This property is 


called entropy(S) and the change dtes, which represents entropy 


change, is dS. Thus, 


lqrev 

dg = Sui 

= T 

and A Si EOS 
z T 


The units of entropy are cal K~4 which are expressed as eu- In the 
SI system, the units of entropy are J K~1 and these are represented by 
EU (1 eu = 4.184 EU). 


6.4 STATEMENTS OF SECOND LAW OF THERMODYNAMICS 


The second law of thermodynamics states that the entropy of an isolated 
system tends to increase and reaches a maximum value. This means that 
the most stable state of an isolated system is the state of maximum 
entropy. Since the universe may be considered an isolated system, it 
might be said that “the entropy of the universe is always increasing”. 

There are several other equivalent statements of the second law: 

1. Clausius postulated that it is impossible to transfer heat from a 
cold to a hot reservoir without doing some work. 

2. Kelvin postulated that it is impossible to take heat from a source 
and convert all of it into work; by a cyclic process, without losing some 
of it to a colder reservoir. 

3. Caratheodory postulated that in the neighbourhood of every 
equilibrium state of a closed system, there are states which cannot be 
reached from the first state along any adiabatic path. 

If any of the statements of the second law of thermodynamics is 
assumed to be true, then all others can be shown to be true. For 
example, if a system goes from state A to state B, either reversibly or 


irreversibly, then the entropy change is given by 


drev 


AS me 
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and the corresponding change in surroundings is AS = te i 
Then the total change of entropy ofthe system and the surroundings 
is 
ASsys + ASsurr = oo = ee =0 
But if the system changes irreversibly and absorbs heat firr, then the 
corresponding change in surroundings is ASsurr = —4irr/T, so that 


ASsys + ASsarr = tev. =- TE 50 f grev> aur) 


Process, the entropy of the system and the 


Thus, in an irreversible 
surroundings tends to increase 


6.5 ENTROPY CHANGES IN SOME PROCESSES 

Tn general, the entropy change of a system is defined by the entropy of 
the final state minus the entropy of the initial state; AS = Stinai— 
Entropy Changes for an Ideal Gas 


In going from state 1 to state 
following relations: 


(a) When Tand V are two variables 


Sinttiar. 
2, the entropy change (AS) is given by the 


T2 


MWA V, 
as = [2m dT+nRin E 


4 


If Cy,, is independent of temperature, 


Ta V2 
AS = nCy,m In T, + nR In ET 


(b) When Tand p are two variables 


T2 
AS = f Com aT —nRin 2 
T Pı 
qT, 
or AS = nC pa In ZPE nR In Z [i is constant 
Tı Pı 


For an isothermal process (T constant) 


AS =n R In b — nRin 2 
Vy Pı 
For an isobaric process (p constant) 


Ta 
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Assuming C,,m independent of T, 


Te 
AS = nC,,» In EA 
For an isochoric process (V constant) 
T2 
NCV, m 
AS = f Crs aT 
T 


g 
Assuming Cr,m independent of T, 


AS = nCr 


Entropy Change During Adiabatic Expansion 


In such processes, q = 0 at all stages. Hence AS = 0. Thus, reversible 
adiabatic processes are called isoentropic processes. 


Entropy Change During Phase Transition 


The change of matter from one state (solid, liquid or gas) into another 
is called phase transition. Such changes occur at definite temperatures 
(melting point, boiling point, etc.) and are accompanied by absorption 
or evolution of heat. 
The entropy change, 


qtrans AHtrans 
AS= T Tirans 
L AHftaston 
ae AStusion = Ttuston 
A 
ASevap = ae 
evap 


EXAMPLE 6.3 (SI units) Calculate the entropy change when 2 mol of an 
ideal gas expand isothermally and reversibly, from an initial volume of 
1 dm? to a final volume of 10 dm? at 300 K. 


Solution For an isothermal process, 


AS = nR In v 
= P DSN R= asi) mor = 1] dm?ê, V2=10 dm? 
= (2.0 mol) X (8.314 J k K-1) X 2.303 log 10/1 
= 38.29 J K= 


EXAMPLE 6.4 Helium, weighing 4g, is expanded from 1 atm to one- 
tenth of the original pressure at 30°C. Calculate the change in its 


entropy; assuming it to be an ideal gas. 


Solution. The process is an isothermal expansion of gas. Therefore, 


AS = nR In a 
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AS $ Simol, R=8.314J mo K, p, = 1 atm, 
P = 1/10 atm 


AS = (1 mol) X` (8.314 J mol K™) x 2.303 log 
= 19.15 JK- 


EXAMPLE 6.5 Fifty-four grams of water are heated from 17°C to 27°C, 
at constant pressure. Calculate the increase in entropy for this process. 


The molar heat capacity at constant pressure for water is 75.3 J K-1 
mol-}, 


el 
1/10 


Solution The increase in entropy at constant pressure, 
AS = nC,,,, In T 
n= =3mol, Cyn = 15.35 Re molt, © T, = 290K, 
T: = 300 K 
AS= G mol) x (75.3 J molt K-2) x 2.303 Jog = 
= 7.66 J K~! 


EXAMPLE 6.6 Two moles of an ideal gas (Cr,m = 12.53 K-21 mol’) are at 


300 K and occupy 2 dm?. If the gas is heated to 325 K and the volume 
changed to 4 dm’, calculate the entropy change, 


Solution The entropy change, as a function of T and V,-is 


T, 
AS = nCr,m In T + nR In +: 


1 


n= 2 mol, C¥ym = 12.5 J K-i mol-1, T, = 325K, 
T, = 300 K, R = 8.314 J K-1 molļ~1 
Vi=2dm*, V: =4 dm’, 
A AS = (2 mol) X (12.5 J K~ mol) X 2.303 log 5 
+ (2 mol) x (8.314 JK mol) x 2,303 log 4 
= 13.53 J K- 


and boiling point (373 K). The molar enthalpy of fusion = 6,01 kJ 
mol” and the molar enthalpy of vaporization = 40.79 kJ mol, 
Solution Entropy change for fusion, 


AStusion = AFston 
fusion 
AHtusion = 6.01 kJ mol = 6010 J mol- 
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a 


Tiusion = 273 K 


oJ Ee 
AStusion = oon eel 22.01 J K mol"! 
Entropy change for vaporization, 
AHy 
ASyap = <a 
AHvap = 40.7 kJ mol? = 40700 J mol", 
Ts = 373 K 
0 [-1 
ASyap = OOT WOLT = 109.1 J K- mol 


EXAMPLE 6.8 A block of copper weighing 200 g is heated from 27°C to 
127°C, What is the increase in its entropy if the average specific heat of 
copper over this range is taken to be equal to 0,09 cal g™* Kk". 


Solution The entropy change 


T2 
dT ie 
as =| Cr = C, In 
Ty 3 
Specific heat = 0.09 cal K-'g™* 
Heat capacity C, = 0.09 200 = 18 cal K~ 3 
T, = 273+27 = 300 K, T = 273-+127 = 400 
400 
300 


AS = (18 cal K~) x 2.303 log 


= 5,18 cal K 
EXAMPLE 6.9 Calculate the entropy change for the conversion of 1 mol 
of a-tin (at 13°C, 1atm) to 1 mol of g-tin (at 13°C, 1 atm), if the 
enthalpy of transition is 2.095 kJ mol”. 
Solution The change in entropy during phase transition is 

ou AHitrans 

MS Ttrans 
AHtrans = 2.095 1000 J mol-*, 
Ttrans = 13+273 = 286 K 


Ag = -2:095%1000 


= —1 =- 
86 = 7,32 J K-? mol? 


6.6 ENTROPY CHANGE IN CHEMICAL REACTIONS 


The entropy change of a chemical reaction is given by the difference 
between the sum of entropies of all the products and the sum of entro- 


112 Physical Chemistry: Princi iples and Problems 


pies of all the reactants. For example, for the reaction, 


aA HEB +... =L} mM... 
MEET aes E DS E) 
or AS = ZSproducts — aS reactants 


The entropy of 1 mol ofa Substance in the pure state at 1 atm pres- 
sure and 25°C is called the standard entropy of the substance, and is 
denoted as S°. Thus, 

ASe = ZS. products od 2S" reactants 


6.7 PHYSICAL MEANING OF ENTROPY 


Entropy is regarded as a measure of the degree of disorder (or random- 

s) ofa system. The relation between €ntropy and disorder provides 
a suitable explanation for entropy chan 
isothermal expansion of an ideal gas, 


disorder or entropy. 

EXAMPLE 6.10 Calculate the entropy change for the re 
2H2(g) +-O2(g) ——_, 2H20(1) 

at 25°C, given that the standard entropies of gaseous hydrogen, gaseous 


oxygen and liquid water are 130.6, 205.1 and 70 J K~ mol, Tespec- 
tively. 


action, 


Solution The entropy change of a reaction is 
AS = 2Sproducts = =Sreactants 
= [2S°H,0] — [2S°(H,) + S°(O,)] 
(2 x 70) —[2 x 130.6 + 205.1] 
— 326.3 J K~! 


ll 


Il 


6.8 THE THIRD LAW OF THERMODYNAMICS 


The third law of thermodynamics deals with the entropies of perfect 
crystalline substances at absolute zero of temperature, According to 
this law, the entropies of al] pure crystalline solids may be taken as zero 
at the absolute zero of temperature, 

It may be noted that this law is true only.for substances which exist 
in the perfectly crystalline form at 0°K. However, if there are imper- 
fections of any type in the perfect crystalline arrangement at O°K, then 
the entropy will be larger than zero, The common limitations of the 
third law are noticed in the following cases: 


(1) Glassy solids in which the arrangement is less regular than in 
crystalline solids, e.g, glassy glycerine at 0°K has an entropy greater than 
zero. 
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(2) Solids containing mixtures of. isotopes, e.g., chlorine at 0°K 
exists as C135— CI’, Cl87—Cl” and CI5—C]® molecules, and entropy of 
solid chlorine is not zero at O°K. 

(3) Crystals of pure substances which fail to attain perfect order at 
0°K, e.g. CO, N:O, NO (dimer N0»), H20, etc. 

The importance of this law lies in the fact that it helps to calculate 
the absolute entropies of pure substances at different temperatures. The 
entropy (S) of the substance at different temperature T may be 
calculated from the measurements of heat capacities (C,) at a number of 
temperatures between 0°K and T°K, from the relation, 

T 


as = | C» din T = 2.303 | Cp diog T 


0 


The integral can be evaluated by plotting C, versus log T, measuring 
the area under the curve between T = 0 and T = T°K and multiplying 
by 2.303. If C, is constant over the temperature range 7; to T, K, then 


Te Te 
AS = Cp In eT 2.303 C, log 77 


For liquids and gaseous substances, the total absolute entropy of the 
substance at a given temperature will be the sum of all the entropy 
changes which the substance has to undergo in order to reach that State, 
starting from a crystalline solid at absolute zero. For example, for a 
gas at 1 atm pressure and 25°C, it may be expressed as 


Tf 
ASi je (solid) din T as, = Aine 
J Tras 
Solid -——-—-————-——-——>Slid Sura am aes 
T=0 T=Ty entropy of 
(fusion point) fusion 
To 
AS, = f C, (liquid) d 1n T Asim Menr. 
+ ae v 
F 
Liquid —————————— -> Liquid —-——-— -> 
T q T; (T=T,) entropy of 
boiling vaporization 
point 
299 
A S; = J C, (gas) dln T 
b 
Qis SS > Gas 
T= Tp ; , T= 298K 
Thus, 
Tf Ta 


[ C, Giquia) ain 7 


-Sm = | ©, (solid) din T4- 
Tı fus a 
f 
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q T 
ett (gas) din T 
b 


T 
b 


1. If the substance is solid at temperature T, only the first term is 
to be taken with 7; = T. l 

2. If the substance is liquid at temperature T, the first three terms 
are to be taken with T, = T. 

3. Ifthe substance is gas, the full equation must be used, 

4. If the -solid involves polymorphic transition, 


another term, 
AHtrans/Ttrans has to be includcd in the above expression. 


EXAMPLE 6.11 Calculate the change in entropy when two moles of ice 
are heated from —10°C to 10°C, given that Cosm (ice) = 37.7 J mol-! KaL 
Cp»m (water) = 75.3 J mol K~! and molar enthalpy of fusion = 6.01 kJ 
mol. (assume heat capacities to be constant in this temperature range). 
Solution The total entropy change can be ca 
steps: 
(a) Entropy change when 2 mol of ice a 
to 0°C (273 K): 
AS) = n Cpm In E 
n = 2 mol, Cas TIS mol”, 7, = 273K, 


Iculated in the following 


te heated from — 10°C (263 K) 


Tı = 263 K 
AS; = (2 mol x 37.7J molK=1) x 2.303 log 3B 
= 2.81 J K-72 
(b) Entropy change during melting of ice at 273 K 
+ Apes O mol) x (6.01 x 1000 J mol-!) 
RSs = TT 273 


f 
= 44.03 J K~ 
(c) Entropy change for heating water from 273 K to 283 K 


Ts 
ASs = N Crim la 


= (2 mol)x (75.3 J K~Imol”) x 2,303 log 283 


273 
= 5.42 J K7 
Total entropy change, 
AS = AS; + AS, + AS; 
= 2.81 + 44.03 + 5.42 = 52.26 J K-1 


MISCELLANEOUS EXAMPLES 


EXAMPLE 6.12 One mole ofa 
at 327°C, is carried through a 
mally to a volume of 25 dm? 


n ideal monoatomic gas, occupying 5 dm? 
Carnot cycle. It is first expanded isother- 
and then adiabatically to a stage at which 
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the temperature is 27°C. Itis then compressed isothermally to a certain 
volume and finally back to the initial state. Calculate the quantities AU, 
qand wineach step. Also calculate the efficiency. 


Solution The Carnot cycle may be considered in the following four steps: 


Step 1. Isothermal expansion from volume 5 dm’ to 25 dm? é 


w = — nRT: 


Fo 

Vn 

n=1mol, R= 8.314 J Kmo, 7, = 327+273 = 600K, 
Vi =Sdm, V2 = 25 dm? 


wi =— (l mol) X (8.314 J K mol~!)x (600 K) X2.303 og 25/5 
=— 8.030 kJ 
AU; = 0 and qi = —Wi = 8.030 kJ 


Step 2. ge expansion from 600 K ha 27 + 273 ( = 300)K 
= 0, AU, = Cr (T;— 
an = 4 R (for monoatomic weji $ X-8.314J K-! mol" 
AU, = 3 x (8.314 J K~ mol~?) x (300—600) 
= 2 741 kJ 
= AU, = —3.741 kJ 


Step 3. Isothermal compression at 300 K 


We 


ws = — RT: In oa 


Vs corresponds to the volume in -step 2, which may be calculated as 
follows: 
For an adiabatic process, V,"/°y,,, Ti = V38!¢v,_ Ta 
Cpu 
V; Tı 
x 
V,=25 dm, RiCrm= 2X2, 7,=300K, T= 600K 


( 25. j: _ 300 


or 


gr V; 600 
Vs == 70.70: dm? 
ea Vast" Tı 
Similarly, ( A ji = T 
Va \'* _ 600 
( 5 = 300 
Va = 14.14 dm? 
a 14.14 
Ws = 1 X 8.314 X 300 x 2.303'log 7575 
= 4.015 kJ 


AU; = 0, qa = —Ws = — 4.015 kJ 
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Step 4. Adiabatic compression from 300 K to 600 K 
qs = 0, AU, = Cy (Ti—T,) 
= 2 x 8.314 x (600 — 300) 
= 3.741 kJ 
Wa = AU, = 3.741 kJ 
` Thus, 
Total energy change, AU = 0 — 3.741 + 0+ 3.741 =0 
Total work done, w = — 8.030 — 3.741 + 4.015 + 3.741 


= — 4.015 kJ 
Total heat absorbed, q = 8.020 kJ 
i a SM 4015 
Efficiency ns 8.030 > 0.5 


EXAMPLE 6.13 The entropies of vaporization of three liquids, and their 
corresponding boiling temperatures (T,) at i atm, are 


Liquid ASovap Ty 


CCl, 86 J K-! mol-1 16.9°C: 
C,H, 87 J K-1 mol-1 80.1°C 
H:O 109 J K-1 mol-1 100°C 


Arrange these liquids in decreasing order of their molar enthalpies of 
vaporization. 


Solution Entropy change during vaporization is 


ASevap > “Hewes 


b 
or AHevap = ASevap X Ts 
For CCla, 
ASevap = 86.0 J K7} mol", T, = (273 + 76.7) = 349.7 K 
AHevan (CCls) = (86.0 J K- mol) x (349.7 K) = 30.074 kJ molt 
For CeHe, . | 
ASevap = 87.0 J K-i molt, T, = 273 + 80.1 = 3531K | 
AHevap (C6H6) = (87.0 J K- mol™?) x. (353.1'K) =.30.720 kJ mol-1 ` 
For, H:0, at iN 
ASevap =109 JK“ mol, T, = 100 + 273 = 373 K 
AHevap (HzO) = (109 J K-2 mol- 1) X (373 K) = 40.657 kJ mol- 
Thus, the decreasing order of enthalpies of vaporization is 
H:O > CH; > CCI, - : E | 
EXAMPLE 6.14 The heat capacity at constant pressure of a certain sub- 
stance is 0.203 kJ K-1 mol", over the temperature range 327 to 527°C. 


The entropy at 327°C is 0.469 kJ K~ mol“) Calculate the entropy per 
mole at 527°C. ` - 
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Solution The change in entropy with temperature, 


To 
AS = Cy Badi JE 
Vim In T, 
T2 
or S(s00 K) — Siso K = Cym IN 
‘ Tı 


S(e00 K) = 0.469 kJ K- mol~t, T, = 800 K, Tı = 600 RK, 
Cv,m = 0.203 kJ K~ mol 
~ 0 
Siso xy — (0.469 kI K-! mol-t) = (0.203 kJ K- mol-*) x 2.303 log “ 


= 0.058 kJ K mol 
or — Sigoo K) = 0.058 + 0.469 = 0.527 kJ mol K~ 
EXAMPLE 6.15 One mole of water evaporates at 100°C and 1 atm 
pressure, by transferring heat from a source only infinitely greater than 
100°C. Calculate the entropy changes in (i) the system and (ii) the 
surroundings. (Enthalpy of vaporization of water = 49.7 kJ mol"), 


Solution Entropy change in the system during evaporation of water 


_ AHevan 
AS = ane 
A Hevap = 40.7 kI mol", T; = 373 K 
A Ssystem = < OR 0p J K= molt 
373 z 
ASsurroundings = — ASsystem = — 109 JK mol? 


EXAMPLE 6.16 Calculate the change in entropy when 100 g of hot water 
at 90°C are added to 100 g of water at 10°C in an insulated vessel. The 
molar heat capacity of water at constant pressure = 75.48 J K* mol. — 
Solution Let the final temperature on mixing be T 

Heat lost by hot water = Heat gained by cold water 
Temperature of hot water = 273 + 90 = 363 K 
Temperature of cold water = 273 + 10 = 283 K 


of Com (363 = T) = Chan (T = 283) 
x 75.48 (363 — T) = a x 75.48 (T — 283) 


or T= 323K 
AS = AShot water T AScold water 


T; 
AShot water = n Cpm In T 


18 363 


= (r mol ) x (15.48 J K“ mol=1) X 2.303 log 222 
= —48.96 J K- aan 
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= 275) Kt 
AS = AS, + AS, = 2.81—2.75 = 0.06 J K- 


QUESTIONS 


Numerical Problems 


6.1 
6.2 


6.3 


6.4 


6.5 
6.6 
67 


6.8 


6.9 


6.10 


6.11 


6.12 


6.13 


6.14 


6.15 


6.16 


Calculate the maximum theoretical efficiency of a reversible heat engine 
Operating between 20°C and 100°C. 

An engine works between the temperatures 100°C and 200°C while another 
engine works between 150°C and 300°C, Which one is more efficient? 
Calculate the maximum efficiency of a steam engine operating between 
125°C and 25°C. What would be the efficiency of the engine if the boiler 
temperature is raised to 200°C, the temperature of the sink remaining the 
same?. 


rejected. 
[What will be the maximum amount of work required’to operate a refrige- 
trator which removes 500 cal of heat at 0°C and rejects it at 40°C? 


Calculate the ratio of temperatures of the source and sink for a heat engine 
whose efficiency is 20 per cent, 


latm. The absolute entropy of helium at 200°C is 32.3 cal deg-1 mol-1, 
Calculate the absolute entropy of helium at 25°C, 

Five moles of a perfect gas are heated from 27°C to 327°C at a constant 
Pressure of 1 atm. Calculate the entropy change in (i) the system and (ii) 
the surroundings. The molar heat capacity of the gas is 23.5 J K-1, 


Calculate the increase in entropy of a mole of a perfect diatomic gas 
(Cp=7/2 R) at 25°C and 1 atm, in a container of 2 dm, when it is allowed 
to expand to 4 dm? and simultaneously heated to 65°C, 


(SI Units) Calculate the entropy change for the condensation of one mole 
of ethyl alcohol at beiling point. The enthalpy of vaporization of ethyl 
alcohol is 38.6 kJ mol! and the boiling point is 351.5 K. 


Calculate the entropy change when one mole of water is converted into one 
mole of steam, reversibly, at its boiling point, Latent*heat of vaporization 
is 540 cal g-1, 

The boiling points of C.Hy, CCl, and CH; OH are 80.1, 76.7 and 64.2°C, 
Tespectively. Estimate the molar heats of vaporization of these. 

Solid phosphine undergoes a Phase change from £ form to « form at 
—223°C, with the absorption of 777.0 J mol-! of heat, Calculate the entropy 
change when 3 mol of 8-phosphine are Converted to «-phosphine. 


6.17 


6.18 


6.19 


6.20 


6.21 


6.22 


6.23 


6.24 


6.25 


6.26 


6.27 


6.28 


6.29 
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Calculate the entropy changes for the following processes: 
(a) 1 mole H,O (l, 1 atm, 100°C) = 1 mole H:O (v, 1 atm, 100°C) 

AHevap = 9-75 kcal mol}. 
(b) 1 mole H:O (s, 1 atm, 0°C)=1 mole H:O (l, 1 atm, 0° om 

AHtus = 1.44 kcal mol-}. 
(SI Units) Two moles of a perfect gas, initially at standard temperature 
and pressure, expand isothermally and irreversibly to 89-6 dm*. The work 
done on the system is —400 J. Calculate AS. 
(SI Units) For a certain gas, C,,.=20.78 J mol-? K~. Calculate the change 
inentropy undergone by 2 mol of the gas on being heated from 300 K to 
600 K at (a) constant volume (b) constant pressure. 
One mole of nitrogen and three moles of oxygen are mixed at 25°C. The 
final pressure is 760 torr. Calculate the entropy change for mixing, the 
initial pressure of each gas also being 760 torr. 
Calculate the change in entropy when 2 moles of water at 90°C are 
mixed adiabatically with 3 moles of water at 40°C. Molar heat capacity of 
water = 75.5 J K-! mol-}. 
What is the entropy change when 500 g of water at 80°C are added to 500 g 
of water at 10°C? C, (H,0) = 75.5 J K-1 mol". 
A block of copper weighing 200 g at 150°C is introduced in a thermos flask 
containing 200 g of water at 10°C, What is the final temperature of the 
system? What will be the change in entropy if the average specific heats of 
copper and water may be taken as 0.09 and 1.0 cal g7? deg-*.. Assume that 
the water equivalent of the thermos flask is zero. á 
Two moles of an ideal monoatomic gas occupying 5 dm? at 500 K are carried 
throvgh a Carnot cycle. It is first expanded isothermally to a volume of 
10 dm? and then adiabatically to a stage at which temperature is 300 K. It 
is then compressed isothermally to a certain volume and, finally, back to its 
initial state. Calculate the quantities g, w, AU and efficiency. 
The heat capacity of nitrogen may be expressed as 

= (28.58+40,00377 T) J K-1 mol-1 

pei the entropy change when 1 mol of nitrogen is heated from 27°C 
to 127°C 


The entropy change for the formation of C:H,OH is —344.9 J K-t mol-}, 
Calculate the absolute entropy of ethanol, given that the entropies of 
carbon, hydrogen and oxygen are 5.8, 130.6 and 205.2 J K-1 mol", 
respectively, 
Calculate the entropy changes for the combustion of glucose and sucrose. 
The standard absolute entropies are 
S° [CO.] = 213.7 J K-! mol“, S° [H20 (1)] = 70.0 J K-? mol-+ 

S° [O.] = 205.0 J K-31 mol- 
S°(CsHy204] = 212.1 J K-1 mol-?,  S°[ CysH22011 ] = 360.2 J K-? mol-? 
Calculate the entropies of vaporization of the following from the data: 


Substance 3 Boiling point (°C) „AHevap (kJ mol-*) 
Benzene 80.1 30.8 
Water 100 40.7 
Cyctlohexane 80.7 30.1 


Calculate the entropy change when helium at 25°C and 1 atm pressure ina 
container of volume 2 dm? is allowed to expand to 4 dm? and simultaneously 


heated to a temperature of 100°C. 
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6.30 The molar heat capacities of substances is expressed as 
C,,m=a+bT+CT-? where the values of a, b and c are 


“Substance a b ë 
Oa 29.96 4.18 x 10-* —1.67 x 10-5 
co 28.41 4.10x 10-3 — 0.46 x 10-5 
co, 44.22 8.79x 10-3 —8.62x 10-5 


Calculate the change in entropy of the following reaction: 
2CO + Os —— > 2C0: 


from 27 to 127°C 
QUIZ QUESTIONS 


Type A: Multiple Choice 
6.31 A process in which the system, after undergoing various processes, returns 
to its initial state is called a/an 
(a) reversible process 
(b) irreversible process 
(c) cyclic process 
(d) Hess’s law 
6.32 In'the second step of the Carnot cycle, the gas is expanded adiabatically 
and reversibly from a volume V, to V, and the temperature falls from T, to 
Tı. The energy change (AU) during the process is 
(a) Cy (Ta—T;) 
(b) zero 
(©) RT, In K 
Va 
(d) Cy (T:—T)) 
633 The overall energy change (AU) during the Carnot cycle is 
(a) equal to w 
(b) zero 
(c) maximum 
(d) equal tog 
6.34 In the Carnot cycle, a process is performed in which the gas is compressed 
reversibly and isothermally, from 
Ps, Vs and T: to Py, V, and T: 
During this process 


(a) AU = 0, g=w=RT, In MAn 
V; 
(b) AU =q, w=- RT, in Ki- 
3 
(c) AU = 0, 4 = RT, In t and w =— RT, lu ri 
3 3 
(d) AU =0,q = RT, In Ve 
Va 


6.35 The ratio of the network done by the system during the cycle and the heat 
absorbed from a source is called : 
(a) useful work 
(b) reversible work 
(c) efficiency 
(d) limiting work 
6.36 The efficiency of a reversible heat engine depends only on the 
(a) temperature of the heat source 
(b) temperature of the heat sink 


6.37 


6.38 


6.39 


6.40 


6.41 


6.42 


6.43 


6.44 
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(c) nature of the engine fluid 

(d) temperature of the heat source and the sink 

If T, and T; are the temperatures of the heat source and sink, respectively, 
then efficiency of an engine may be expressed as 


T: T,— Ti 
(a) T (b) T; 

T, — T, Tı 
(c) T, 2 O i T. 


All cyclic engines working reversibly between the same temperatures of 

source and sink have the same efficiency. This is the statement for the 

(a) Carnot cycle 

(b) efficient engine 

(c) Carnot theorem 

(d) second law of thermodynamics 

Which of the following is not one of the statements of the second law of 

thermodynamics ? 

(a) The entropy of the universe is always increasing. 

(b) It is impossible to transfer heat from a heat source to a hotter body 
without doing some work. 

(c) It is not possible to construct a perpetual motion machine which can 
work endlessly without the expenditure of energy. 

(d) It is not possible to take heat from a source and convert all of it into 
work without losing some of it to a colder reservoir. 


The entropy of the universe 
(a) tends towards a maximum 
(b) tends towards a minimum 
(c) tends to be zero 
(d) remains constant 
In a reversible process, 

ASsys + ASsurr iS 
(a) >0 
(b) <0 
(c) 20 
(d) =0 
If AAs is the latent heat of melting and Trus is the melting point, then 
entropy of melting is 


(a) Situs O) Trus/AHrue 
fus 

(c) AMtus X Trus (d) AAs — T 

If heat is measured in joules, the units of entropy are 

(a) joules 


(b) joules pér degree 

(c) joules-degree per mol 

(d) degree per joules 

If pı, Tı represent the initial state and ps, Ta the final state of an ideal gas, 
then entropy change may be expressed as 


(a) aS = C, Ing 4 Rin 2 
1 
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6.45 


6.46 


6.47 


6.48 


6.49 


6.50 


(d) AS=C, In Tt Rin 


In an isobaric process, when temperature changes from T, to Tz, AS is equal 
to 


(a) 2.303 C, log -=> 
T: 
(b) 2.303 C, Inj 


(c) 2.303 C, log —+ 


Entropy change for an adiabatic reversible process is 

(a) positive 

(b) zero 

(c) negative 

(d) positive or zero en 

Which of the following is the correct statement of the third law of thermo- 

dynamics ? 

(a) Entropy of all pure crystalline solids may:be taken as zero at absolute 
zero of temperature. e 

(b) Entropy of all pure crystalline solids may be taken as unity at absolute 
zero of temperature. 

(c) The standard state for a solid is the pure state of solid at 1 atm pressure 
and its activity is unity. 


(d) Spontaneous processes are accompanied by increase in entropy as well 
as increase in the disorder of the system. 
Which of the following is not correct 


o (2) -r 
(c) (3), =-? 


G ee ras 


According to the third law of thermodynamics, the entropy at 0°K, is zero 
for 


(a) elements in their stable form 
(b) perfectly crystalline solids 
(c) substances at 1 atm and 25°C 
(d) N:O 
For which one of the followin. 
(a) an adiabatic process 
(b) a process for which 

AC, =0 
(c) an isothermal reversible phase change 
(d) a process at constant pressure 


g cases is AS = AH/T 


Type B: Multiple Choice (Numerical Problems) 
6.51 A steam engine is operated byt 


aking steam at 127°C and rejecting it at 37°C- 
What is the maximum efficiency attainable by the engine ? í ž 

(a) 25.0% (b) 22.5% 

(c) £28.2% (d) 70.8% 


6.52 


6.53 


6.54 


6.55 


6.56 


6.57 


6.58 


6.59 


6.60 
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Four engines, A, B, C and D, take steam at 130°C and reject it at 20°, 30°, 

37° and 45°C, respectively. Which of these is most efficient ? 

(a) A (b) B 

(c) C (d) D 

An engine works between the temperatures 27°C and 127°C. Which of the 

following statements is correct, if all the engines work reversibly ? 

(a) It is less efficient than an engine working between 310°K and 400°K. 

(b) Itis more efficient than an engine working between 17°C and 127°C. 

(c) Itis more efficient than engines working between 310-410°K and 290- 
400°K. 

(d) It is more efficient than an engine working between 127°C and 227°C. 

The amount of heat supplied to a Carnot cycle working between 27°C ‘and 

127°C, if the maximum work obtained is 210 cal is i 

(a) 52 cal (b) 840 cal 

(c) 420 cal (d) 52.5 cal 


The entropy change for the fusion of 1 mol of a solid which melts.at 27°C 

is (latent heat of fusion = 600 cal mol-1) 

(a) 2 cal deg-* 

(b) 22.2 cal deg-? 

(c) 180 kcal deg 

(d) 0.5 cal-! deg 

Two moles of an ideal gas expand reversibly from a volume of 5 to 50/ at 

27°C. The change in entropy is (R = 2 cal mol! K-'} 

(a) 4 cal (b) 9.2 cal 

(c) 2.303 cal (d) 92.2 cal 

The standard entropies of Ag(s), O2(g) and Ag:O(s) are 10.2, 49.0 and 29.0 

cal mol-!, respectively. The entropy change for the reaction at 298 K 
Ag:O(s)——->2Ag(s) + 4 O2(g) is 

(a) 15.9 cal K-} 

(b) — 15.9 cal K=! 

(c) — 8.6 cal K-? 

(d) 25.9 cal K-? 


The latent heat of vaporization of water at 100°C is 540 cal g-t. Calculate 
the entropy increase when one mole of water at 100° is evaporated, 

(a) 26 cal K~-? mol"? 

(b) 1.82 cal K-1 mol 

(c) 367 cal K-* mol-* 

(d) 540 x 18 cal K=: mol-? 

The heat-supplied to a Carnot engine is 400 k cal. The useful work done by 
the engine operating between 27°C and 127°C, is (1 cal = 4,185 J), 

(a) 4.185 x 10¢J3 : 

(b) 2.38 x 10*J 

(c) 4.185 x 105J 

(d) 2.38 x 10° J + 


Consider the following data 
S° = 31.21 cal mol~? deg-1 
Ha 


sé = 1.36 cal mol-! deg-? 


S° = 49.0 cal mol- deg? 
02 
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ee = 38.4 cal mol-1 deg-1 


What will be-the entropy change for the formation of 1 mol of methyl 
alcohol from its elements ? 

(a) 120.9 cal mol-! deg-1 

(b) — 82.5 cal mol-! deg-1 

(c) — 43.2 cal mol-1 deg-2 

(d) 47.6 cal mol-! deg-» 


Type C: True or False 


6.61 Absolute entropy of a solid is always zero. 

6.62 Entropy is a measure of disorder of a system. 

6.63 The first law of thermodynamics is inadequate to Predict the spontaneity ‘of 
a process, 

6.64 Two reversible engines operating between the same temperatures are equally 
efficient. 

6.65 The entropy of the universe remains constant. 

6.66 The entropy of a perfectly Crystalline solid at 0°K is unity. 

6.67 Ina reversible Process, the entropy of the system and surroundings tends 
to increase, 

6.68 The mixing of two idea] gases at a given temperature leads to increase in 
disorder and entropy. 

6.69 For all reversible adiabatic Processes, AS is zero. 

6.70 In an irreversible process, the sum of the entropies of the system and the 
surroundings is zero, 

6.71 At constant U, Vand T, aS > 0 represents the criterion for spontaneity. 

6.72. The decrease in entropy is equal to the network done by the system, 
reversibly. 

6.73 In a cyclic process, the overall change is zero. 

6.74 The efficiency of an engine depends upon the temperature of the source, sink 
and engine fluid. 

6.75, Entropy is an extensive property, 


Type D: Fill in the blanks 

6.76 The third law of thermodynamics states that the entropy of any pure perfect 
crystalline substance is zero at————__, 

6.77 An example of a reversible cyclic process is——_——___, 

6.78 The entropy of an isolated system tends to——_____, 

6.79 Entropy is related to 3 

6.80 The maximum work is done by a system in——————manner, 

6.81 ` The second Jaw of thermodynamics introduces the concept of- 

6.82 The fraction of the heat absorbed by a system, which it can transform into 
work, is called— 

6.83 The heat absorbed or lost isothermally and reversibly, divided by the tem- 
perature at which the heat is absorbed or lost, is called 


6.84 The process of condensation is accompanied by—————~— of entropy. 
6.85 The vaporization of a liquid is accompanied by———. in entropy. 


ANSWERS 
Numerical Problems 


6.10.21 6.2 Efficiency of the first engine = 0.21; Second engine = 0.26; Second 
engine is more efficient 6,3 0,25 and 0.37 6.4 G) 0.3 (ii) 7°C 6.5 Calculate 
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efficiency = 0.1278, efficiency = — Z; Work required, — w = 639 cal 6.6 
2 

Efficiency of the engine = n=- 0.20; T = 1.25 6.7 22.88 cal deg-1 

6.8 (a) ASeys = 11.53 J K=! ASaure = — 11.53 J K=, (b) ASays = 11.53 J K=, 


ASsurr = 0, 6.9 12.74 J K7?, 21.23 JK-! 6.10 30.01 cal deg~? 6.11 (i) 81.44 J K~: 
(ii) — 81.44 J K~! 6.12 9.43J K-? 6.13 ASevsp = 109.8 J K! mol“, Now 
ASéondensation = —ASovap = — 109 JKrumol=t 6.14 26 cal K-! mol-! 6.15 Using 
Trouton’s rule AH,/T, = 21; 7.415, 7.344, 7.081 kcalmol-! 6.16 46.62 J K-+ 
6.17 26.14 calK-! mol-!, 5.27 cal K-} mol-?, 5.27 calK-! mol-? 6.16 11.53 
JK- 6.19 17.28 J K-t, 28.81 JK-? 6.20 18.66) K-! 6.21 Calculate the final 
temperature on mixing T = 60°C, using the relation, Heat gained = Heat lost, 
AS = AS(viot water) + MS(coia water) = 1.01 J K~! 6.22 25.57 J K~! 6.23 1:49 cal deg- 
6.24 AU, = 0, gy = — Wy = 5.764 KJ; qs = 0, AU: = ws = — 4.988 kISWUs = 0, 
qa = — w = — 3.457 kJ; gy = 0, AU, = Wy = 4.988 kJ, Efficiency = 0.40 
6.25 13.85 JK- 6.26 161.13 K- mol! 6.27  260.1J K-}, 514.2) K7! 
6.28 87.23, 109.1, 85.1 J K-* 6.29 Calculate the number of moles from initial 
conditions, n = 0.08, AS = 0.68 J K-? 6.30 4.1283 


Quiz Questions 


6.31 (c) 6.32 (d) 6.33 (b) 6.34 (a) 6.35 (c) 6.36 (d) 6.37 (c) 6.38 (c) 
639 (c) 6.40 (a) 6.41 (d) 6.42 (a) 6.43 (b) 6.44 (c) 6.45 (a) 6.46 (b) 
6.47 (a) 648 (b) 6.49 (b) 6.50 (a) 651 (a) 6.52 (a) 6.53 (d) 6.54 (b) 
6.55 (a) 6.56 (b) 6.57 (a) 6.58 (a) 6.59 (c) 6.60 (b) 6.61 False: The 
entropies of all pure crystalline solids may be taken as zero only at the absolute 
zero of temperature (third law of thermodynamics). 6.62 True 6.63 True 
6.64 True 6.65 False -6.66 False: is assumed to be zero 6.67 False 6.68 True 
6.69 True 6.70 False 6.71 True 6.72 False 6.73 True 6.74 False 6.75 True 
6.76 absolute zero 6.77 Carnot cycle 6.78 increase 6.79 disorder 6.80 rever- 
sible manner 6.8/ entropy 682 efficiency 6.83 entropy. 6.84 decrease 


6.85 increase 


7 


Free Energy Functions 
> and their Applications 


NG ie ae 


The feasibility of aad condition for chemical equilibrium can be 
derived on the basis of energy, enthalpy and entropy. However, these 
require certain constraints on the systems, which are not normally main- 
tained under laboratory conditions. For this purpose, two new functions 
viz., Helmholtz and Gibbs free energy functions, are defined. These 
predict the feasibility and equilibrium conditions at constant temperature 
and at constant volume or pressure and, therefore, are convenient for 
day-to-day use. They are commonly called free energy functions, 


7.1 FREE ENERGY FUNCTIONS 


Free energy functions are defined by the relations, 
Helmholtz free energy, A = U — TS (7.1) 
Gibbs free energy, G=H-TS (7.2) 
The properties U, H and S depend only upon the state of the system. 
Therefore, A and G are also state functions. Itcan be shown that, at 
constant temperature, 
(i) Decrease in Helmholtz free energy is equal to the amount of 
reversible work done by the system 
— dA = dWrey (7.3) 
(ii) Decrease in Gibbs free energy is equal to network (excluding 
expansion work) done (dwrey — pdV) by the system in a reversible 
way, 
— dG = ôwrey (net) = @wrev—pdV (7.4) 
The changes in A and G when the system goes from state 1 to state 2, 
at constant T, are expressed by 
AA = AU — TAS (7.5) 
AG = AH — TAS (7.6) 
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7.2 CHANGES IN U, H, A AND GIN REVERSIBLE PROCESSES 


The quantities U, H, A and G are related to other thermodynamic 
variables by the following equations: 


= 6U CRA 
dU = TAS — piv so ( S$ ), T (3 j -p 
eT op 
Hence, (4) = ~( k } (7.7) 
dH = TdS + Vdp 
OH) _ ‘mh y 
He (aime: ae 
ary eV 
Hence, et ) = (3), (7.8) 
dA = — pdV — SdT 
DANN ete BASN _ 
So (3) = Ps ($) s 
wp) _ (2s 
Hence, ( a i = (3), (7.9) 
dG = Vdp — SdT 
dG DN OG me 
= a 
OV as 
Hence, (aF 1 = (3 L (7.10) 


7.3 CRITERIA OF SPONTANEITY IN TERMS OF FUNCTIONS 
U, H, S, A AND G 


The criteria of spontaneity in terms of U, H, S, A and G are 


(i)dU <0 (at constant S and V) (7.11) 
(ii) dH < 0 (at constant S and p) (7.12) 
(iii) dS > 0 (at constant U and V) 

(iv) dA <0 (at constant V and T) À (7.13) 
(v) dG <0 (at constant p and T) (7.14) 


It may be noted that the Gibbs free energy change is an important 
criterion for the spontaneity of a reaction or a process, and consists of 
enthalpic and entropic factors (Eq. 7.6). In some cases, both the en- 
thalpy and entropy factors may favour the process, e.g. if AH is —ve 
and AS is +ve, then AG (AH—TAS) is negative and the process is 
favoured. In other reactions, enthalpy and entropy factors may Oppose 
each other, e.g. AH is —ve, AS is —ve and the sign of AG will be deter- 
mined by the magnitudes of AH and AS. 


EXAMPLE 7.1 (SI Units) Calculate the standard Gibbs free energy 
change at 298° K for the reaction 
C(graphite) + O(g) ——> CO.(g) 
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Given that AH? = —393.4 kJ mol`! 
AS? = 2.9 J K~! mol 
Predict whether the reaction is spontaneous or not. 
Solution The Gibbs free energy change AG? is expressed as 
AG? = AH*°-- TAS? 
AH? = —393.4kJ moi}, AS? = 2.9 J] K7! mol7! 
AG? = —393.4 kJ mol™!— (298 K) x (2.9 x 107? kJ mol`’) 
= —394.3 kJ mol 
As AG? is negative, the reaction is spontaneous. 
EXAMPLE 7.2 Calculate (AG — AA) for the reaction 
CHa(g) + 202(¢) ——> CO:(g) + 2HsO(1) at 300 K 
Solution AG = AH — A(TS) i 
AA = AU — A(TS) 
AG — AA = AH — AU = AU.-+ A(pV) — AU = A(pV) 


or AG — AA = An RT (ApV = An RT for ideal gases) 
An=1—(2+1)=-2, R = 8.214. mol K, 
T= 300K : 
AG — AA = (—2 mol) x (8.314 J mol™K~) x (300 K) 
= —4988.4 J. 


7.4 GIBBS FREE ENERGY CHANGE AND GIBBS FREE ENERGY 
OF FORMATION 


It is not possible to determine the absolute values of the Gibbs free 
energy as the absolute values of H and U are unknown, 

in the case of enthalpy, the Gibbs free energy of clements 
stable form) are arbitrarily fixed equal to zero at one atmospheric pres- 
sure* at a specified temperature. The-free. energy changes for elements 
at any other temperature Or pressure are. measured with respect to this 
reference. For compounds, standard Gibbs free energy of formation is 
defined as the free energy change when one mole of the substance.is form- 
ed at! atm from the elements in their standard. states at the specified 


temperature. This is denoted by AG. The values of the standard 


free energy of formation of various compounds help in’ determining the 
free energy change for-various:reactions-atistandard conditions, 


Therefore, as 
(in their most 


AG? = (AG? )products a 2(AG*) reactants 


EXAMPLE 7.3. Calculate: the standard Gibbs free energy changes from 
the-free energies of formation data for the following reactions: 
(a) CoHo(1) + 75 O(g) ——> 6 CO:(g) + 3H20(g). 


Given that AG ICsHe(1)] = 172.8 kJ mol"! 


a 
; “IUPAC, now recommends the pressure as 1 bar. But the values do not differ sig- 
nificantly as 1 atm = 1.01 bar i 


| 
| 
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AG? [CO.(g)] = —394.4 kJ mol 


AG? [H20(g)] = —228.6 kJ mol™ 
(b) Fe:Os(s) + 3H2(g) —-> 2Fe(s) + 3H20(1) 
Given that 
AG? [Fe:0;(s)] = —741.0 kJ mol 


AG} [H:0(1)] = —237.2 kJ mol? 
Solution We know that 
AG? = © (G})proaucts — E (AGF)reactants 
(a) For the reaction 
CoHa(!) + 7.5 Ox(g) ——> 6 CO2(g) + 3H20(g) 
AG? = [6AG*(CO.) + 3 AG"(H:0)] — [AG;(CsHo) + 7.5 4G(02)1 


6 x (—394.4)'+ 3 X (—228.6) — 172.8 — 0 
—3225 kJ 
(b) For the reaction 
Fe2O,(s) + 3H2(g) ——> 2Fe(s) + 3H20(1) 
AG? = [2 AG? (Fe) + 3 AG/H20)] — [AG{(Fe20s) + 3 AG"(Ha)] 


=2x0+3 X (—237.2) — (—741.0) — 0 
= 29.4 kJ 
EXAMPLE 7.4 Calculate the standard free ‘energy change for the combus- 
tion of «-D-glucose, 
CoHi20«(s) + 602(g) —> 6 CO2(g) + 6H:0(1) 
Given that 


AH}(CoHi20s) = —1274.5 kJ mol, 


| 


A (COs) = +393/5°kJ mol 


AHË(H:0) = —285.8 kJ mol“ 


S°(CeHi20s) = 212.1 BU, S°(O:):= 205.0 EU, 
S°(COz) = 213.6 EU, S°(H20) = 69.9 EU 


Solution AG° can be calculated as 
AG? = AH® — TAS? 


AH? = 6 AH?X(CO:) + 6 AH}(H20) — [AH (CsH1:06) + 64 5(O,)] 
= 6 X (—393.5) + 6 X (—285.8) — [1 x (—1274.5) + 0] 
[. AHO») = 0] 
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= —2801-3 kJ 

AS? = 6 S°(COz) + €S°(H:0} — [S°¢CsHi20c) + S°(02)] 
= (6 x 213.6) + (6 x 69.9) — [1 x 212.1 + 6 x 205.0] 
= 258.9 EU or 258.9 J K“? [EU = J K~] 

AG° = AH° — TAS? 


— 2801.3 kJ — (298 K) X (2589 xX 107? kJ K7) 
—2878.45 kJ 


EXAMPLE 7.5 Consider the reaction . 
4 NH:(e) + 5 O.(g) —> 4 NO(g) + 6H:O(1): AG° = —241.8 kcal 
Calculate AG [NO(g)] if AG (NH3) = —3.9 kcal mol`! and 


AG? (H:O) = —56.7 kcal mol}. 
Solution For the reaction 
4NHa(g) + 5 O(g) ——>. 4NO(g) + 6H:0(1) 
AG® = 4 AGNO) + 6 AG?(H:0) — [4 AG?(NH:) + 5 AG*O,)} 


AG° = —241.8 keal, AG’? (NHs) = —3.9 kcal mol"}, 
£ 


AG*(H20) = —56.7 kcal mol`! 


—241.8= 4x AG? (NO) + 6 x (—56.7)—4 x (—3.9)—5 x0 


Fe AGO.) = 0] 
or 4AG,°(NO) = —241.8 + 340.2 — 15.6 4 
= 82.8 kcal 


AG;°(NO) = anh = 20.7 koal 


7.5 DEPENDENCE OF G ON TEMPERATURE 


The Gibbs free energy,G is 
G = H — TS 
Now, dG = Vdp — SdT 


z ôG 
Ze (ar )=-s 


Substituting in the above relation, we obtain 


6G 
or = —. 
g H+7 (3h), 
or -s= (47) = Se 
ôT Jp F 
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Differentiating G/T with respect to T, 


ôG 
a(GIT) _ 7(3) =G _ GATS 
ar = T: J ar 
aGiT) __ H 
m -i (7.15) 


This is called the Gibbs Hzlmoltz equation. For a given process, AG 
may be expressed as 
2(AG) _ 


AG) _ as 
and ASTD — oH Cele) 


Similarly, at constant volume, the equations, in terms of Helmholtz 
free energy, are 


3d 
AA = AU + r| r i 
@AA/IT) __ AU i 
and -Aa ee (7.17) 


EXAMPLE 7.6 (SI Unit) The Gibbs free energy values of a reaction at 
300 K and 310K are —121 kJ and — 123.5 kJ, respectively. Deter- 
mine its AH and AS in this temperature range. 


Solution AG = AH — TAS 


Lag ĉAG _ AG(310)— AG(300) _ = 123.5 — ( — 121.0) kJ 
oe 310 — 300 10K 
= —0.25 kJ Kt 


p.” AS'= 0,25 kJ KI 
At 300 K, AG = AH — TAS 
—121 kJ = AH—(300 K) x (0.25 kJ K`?) 
AH = —121 kJ + 75 kJ 
= — 46 kJ 

EXAMPLE 7.7 AG for a reaction at 300° K is —16 kcal. AH for the reac- 
tion is — 10 kcal. What is the entropy of the reaction and what will be 
AG at 330 K? 
Solution AG = AH — TAS 
AH — AG 
or ‘SSS Sy 

AH = —10 kcal, AG = —16 kcal 


AS = eas = 20 X 107? kcal K~ = 20 cal K~! 


330 K, 
Ri AG = AH — TAS 
= — 10 kcal — (330 K) x (20 X 107° kcal K`!) 


= — 14.6 kcal 


N 
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7.6 DEPENDENCE OF G ON PRESSURE 


dG = Vdp — SaT 


The Gibbs free energy depends on Pressure. At constant tempera- 
ture, 


or dG = Vdp 
The change in Gibbs free energy, when pressure changes from p, to 
P2, May be expressed as 
Do 


AG = G.— G, = | vap 
Pı 
For an ideal gas, p and V are related as 
V= maT (for n moles of the gas) 

Pz a 
so that AG = | oe 

Pı 
or RG ORT In Ze (7.18) 

1 


For real gases, V or dp are 
State, 


For liquids and solids, the volumes may be considered almost cons- 
tant because they are only slightly compressible, 
change may be expressed as 


P2 
AG = f Vdp = Vp, — Pı) 


substituted from suitable equations of 
The free energy 


(7.19) 


Pı 

The free energy changes with pressure’ for solids and liquids are very 
small asccompared(to- those.in gases, and -are generally neglected over a 
small pressure range, at any temperature ugless the pressure change’is 
extremely large, 
EXAMPLE 7.8 Three moles of an ideal gas at 27°C and’! atm are compres- 
sed isothermally until the final pressure becomes 5 atm. Calculate the 
Gibbs free energy change for this process. 


Solution For isothermal compression, 
AG = nRT In Pa: 
Pı 


n = 3 mol, T = 27 + 273 =-300 K, 
"R =8.314 PK- móli, 
Pı = latm, p2 = Satm 
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AG = (3 mol) (8.314 J K™™mol™!) X (300 K) 
x 2.303 log -> 
= 12.045 kJ 

EXAMPLE 7.9 (SI Units) One mole of an ideal gas is expanded isother- 
mally from 0.01 dm? to 0.10 dm? at 300 K. Calculate AG. 
Solution AG = nRTIn i = nRT ln a 

n = 1 mol, R = 8.314 J K`! mol}, T = 300 K, 

V, = 0.0! dm’, Va = 01 dm? 


AG = (1 mol) x (8.314 J K7! mol™!) x (300 K) 
X 2.303 log 


0.01 
0.1 


= — 5744.1 J 


7.7 PARTIAL MOLAR QUANTITIES AND CHEMICAL 
POTENTIAL 


The .partial molar quantity of a component is defined as the change in 
extensive property of a mixture when one mole of the pure component 
is added, in such away that there is no change in temperature, pressure 
and composition. 

Partial molar quantities are of particular use when dealing with solu- 
tions. These ate represerted witha baron the symbol. These can be 
defined mathematically as, 3 


y ox 
bee 1 
i ( On, /p, 7, nj, May. n 


where XY, represents the partial molar quantity of component ‘i’. (Here 
X is an extensiv: property such as V, U, H, S, A, G.) The subscripts 
nın... njimply that all these variables except 7; are constant. If we 
consider Gibbs free energy as the extensive property,’ then 

G= fp, T, mys, ++ pny) 
Total change in G by'small“changes in all variables, 


6G 6G ) 
= {—— d ee d 
ae ( oT J yy ney > e -senj Tif OP) JT 5 wis nas’ 223 nd P 


ge: l (42) dn 
T ( ên ik Ty ats sete nj i ail Ôn; JP, T, mis nis +005 4 


ôG : 

: SEN represents the partial molar 

The quantity ( ôn N T, nis nas sets nj p 

rgy G; of the substance ‘7. This is a very important quantity in 
i š j 

z stry and is also known as the chemical potential, repre- 


mbol » (Greek mu). 


free ene p 
physical chemi 
sented by the sy 
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Thus, chemical potential may be defined as the change in free energy 
of a substance when one mole of it is added to such a large quantity of 
the system that there is no appreciable change in the overall composi- 


tion of the system, at constant temperature and pressure. At constant 
T and p 


(dG)r, p = pı dm + pe dig +... + B, dny 
On integrating, 


(G)r, p = mpi + mps +... + nye, = Enp (7.20) 


7.8 GIBBS-DUHEM EQUATION 
At constant temperature and pressure, for a system of definite composi- 
tion, 
mdp + nadya +... + ndu, = 0 
j 
or Zndpi = 0 
i=1 
For example, for a binary system (two components) 
nıdpı + mdp: = 0 


Ng 
m 


or diy = — 


dus (7.21) 


This means that chemical potentials for components 1 and 2 cannot be 


varied independently, 


7.9 DEPENDENCE OF CHEMICAL POTENTIAL ON 
TEMPERATURE AND PRESSURE 
(i) The variation of chemical potential (u;) of any constituent ‘ 
temperature, at constant Pressure and composition 
tial molar entropy of that constituent, 
ops eae 

( an „ 52S (7.22) 
(ii) The variation of chemical 
temperature and com 
that constituent, 


? with 
» is equal to the par- 


potential (#,) with pressure, at constant 
position, is equal to the partial molar volume of 


On, — 
(4), nj a= re (7.23) 


7.10 CHEMICAL POTENTIAL FOR A COMPONENT IN AN 
IDEAL GAS MIXTURE 


. The chemical potential! of 


1 1 any component of a mixture of ideal gases 
is determined by its partia 


l pressure in the mixture as 
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k: (p) =e + RT In Ppi (7.24) 


where p? is the chemical potential of the ‘ith component at temperature 
T when its partial pressure is Pi and p? is standard chemical potential 


(at one atmosphere pressure). 
In terms of concentration C; or mole fraction x, 


(C) =K (C= 1 4+ RTINC, 
and ui (x) =p (x = 1) 4+ RTIn x, (7.25) 


where p° ( C= 1) and p? (x = 1) are the standard chemical potentials 


corresponding to unit concentration and mole fraction, respectively. 


7.11 CONCEPT OF FUGACITY 


To retain the form of free energy equations of ideal gases, for non-ideal 
gases, G.N. Lewis introduced two new terms fugacity and activity. 
Fugacity is a kind of fictitious pressure used in order to retain, for 

real gases, simple forms of equations which are applicable to ideal 
gases only. Mathematically, fugacity ‘f? is expressed as 

imie > J (7.26) 

p70 
i.e., as the pressure approaches zero fugacity approaches pressure. This 
means that fugacity is the measure of pressure of real gases. 
For example, free energy may be expressed as 

G=G°? + nRTIlnf 

Change in free energy when fugacity changes from fı to fe, 


A G = nRT In (727) 
fi 
For one mole of gas, free energy may be written as 
G, = G2 + RT Inf 
But molar free energy is its chemical potential, so that 
w= po + RT Inf (7.28) 


is the standard chemical potential, i.e. chemical potential 


where p° al, 
is unity. For ideal gases fugacity is equal to pressure, 


when fugacity 


712 DETERMINATION OF FUGACITY OF REAL GASES 


The fugacity for real gases Mav be expresscd as 
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f 1 {( nRT 
ee “Ser a) @ 


pi 
= 29 
JF| tap Ga) 


0 


The function (v = er ) is denoted by « and can be calculated from 


the equation of state data. The integral i « dp is evaluated graphically 
o 


(or numerically) up to any value of p and is equal to the area under the 
curve (w versus p). It may be noted that the area under the curve can 
be positive or negative, and hence fugacity may be greater or less 
than p. 


7.13 CHANGE OF FUGACITY WITH PRESSURE AND 
TEMPERATURE 


The dependence of fugacity on pressure, 
be expressed as 


In order to calculate fugacity at one Pressure from the value at 
another, the equation may be integrated as 


at constant temperature, may 


7 i 

h Æ = |y 

n A Rr| 7o 
Pı 


The change of fugacity with temperature is given by 
ô Inf H*—H 
(4 ji = (7.31) 
aie H* is the partial molar enthalpy of the given substance in state 
A*, i.e. at zero pressure. Therefore, the» difference (H* — H) is the 
change in molar enthalpy when the substance is transformed from state 


A to state A* (stateiof zero pressure). ‘The difference is also sometimes 
called the ideal heat of vaporization from state A. 


7.14 CONCEPT OF ACTIVITY 


In a standard state, the fugacity of a component is denoted by f° and 
its chemical potential as K°. The difference in chemical potential bet- 
Ween any state, in which chemical potential is », and standard state is 
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given by the relation 
p — p° = RTIn £ 
We be 
e= p° + RT In F (7.32) 
The relative fugacity, f /f° (ratio of fugacities in the given state and 
the standard state), is called activity and is denoted by a. 
w= po + RTIna (7.33) 
In the standard state, activity is unity, a = 1(f°/ f°) andp = p°. 


715 CHOICE OF STANDARD STATE 
The standard state for a gas at any temperature is that in which the 


fugacity of the gas is equal to one, i.e. f° = 1. 


Since a= 4, and P=], a=f . (7.34) 
Thus activity becomes numerically: equal to fugacity for any gas. For 
ideal gases, fugacity is equal to the pressure. On the other hand, for 
teal gases, fugacity and pressure are related through the activity coeffi- 
cient (y) as i 
SPP =o (7.35) 
For solids and liquids there are several choices for the standard state. 
However, the one commonly used is the state of the pure solid or liquid 
at a pressure of 1 atm and the given temperature. 


EXAMPLE 7.10 The Gibts free energy of a water-alcohol system changes 
by 20 cal, at the given temperature and pressure, when 1.8 g of -water is 
introduced into a large amount of the solution. What is the chemical 
potential of water? 


Solution The chemical potential 


eee 
PS \Gn, 


4G =20 cal, dn, = ara = 0.1 mol 


p (H20) = + = 200 cal mol™1 


EXAMPLE 7.11 Calculate » — n° for one mole of an ideal gas sat 25°C 
and 600 torr pressure. 
Solution p = p° + RT In (p atm)/(1 atm) 
or p— e = RTIn(p atm)/(1 atm) 
R= 8.314 J mol 'K", T = 25 + 273 = 298K, 
600 


P= T 3m 
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600 
E — p° = (8314 J K™ mol”) X (298 K) X 2.303 log 760 


= —585.8 J 


MISCELLANEOUS EXAMPLES 


EXAMPLE 7.12 Calculate the free energy change for the fo'lowing 
process : 
1 mol H.O (1, !¢0°C) —> 1 mo! H:O (g, 100°C) 
Solution For the process, 
AG = AH— TAS 


AH = AFevap 
= AHevap 
and AS = T, 
AG = AHevap — T, See ) (T= T) 
b 
=0 


AG = 0 because the phase change is an equilibrium process at the 
phase transition temperature and pressure, 
EXAMPLE 7.13 The e.m.f. of the cell reaction 
Zn(s) + 2Ag*(aq) —> Zn®*(aq) + 2Ag(s) 
is 1.56 V at 25°C. Calculate AG? and predict whether the reaction will 
occur spontaneously from left to tight or not. 


Solution The change in free energy is related to the electrical work as 
AG? = — nF E° 
where n is the number of moles of electrons, 
electricity, and £° is the standard cell potential. 
n=2, F = 9.65 X 10'J mol“1v71, E? = 1.56 V 
AG? = — (2 mol) x (9.65 X 10! J mol™V-1) x (1.56 V) 
— 301.08 kJ 


Since AG? for the reaction is negative, it will be spontaneous from 
left to right, 


F is the Faraday of 


I 


EXAMPLE 7.14 Calculate the Gibbs free evergy change and the enthalpy 
change for the process: 


1 mol benzene (1, 80.1°C, 1 atm) —+ 1 mol Fenzene (g, 80.1°C, 0.5 atm) 
The normal boiling point of benzene is 80.1°C and the enthalpy of 
vaporization is 395 J g-'. Consider benzene vapours as ideal gas. 


Solution AH and AG can be calculated by the following reversible 
path: 


i) 1 mol CoHe (1, 80.1°C, 1 atm) ——> 1 mol CoHs (g, 80.1°C, 1 atm) 
AH, = (395 J g71) x (78 g mol!) = 30.810 kJ mol“ 
AG = 0 (pbase change is an equilibrium process). 
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(ii) CHo (g, 80.1°C, 1 atm) —> CoH (g, 80.1°C, 0.5 atm) 

AH, = 0 A 

p: 

Pı 

n = 1 mol, R = 8.314 J K™mol~’, T = 273+80.1 = 353.1 K, 
pı = laim, p2 = 0.5 atm 


AG, = nRT ln 


AG: = 1 X 8.314 X 353.1 X 2,303 log “3 
= — 2.035 kJ mol`! 
Thus, total AH = 30.810 + 0 = 30.810 kJ mol`? 
AG = 0 +’°C= 2.035) 2.035 kJ mol“? 
EXAMPLE 7.15 Calculate the Gibbs free energy change when the partial 
pressure of one mole of Ne is decreased from 10 atm to 5 atm at 27°C. 
Solution Free energy change can be calculated from the difference of 
chemical potential when the pressures are Satm and 10 atm. The 
chemical potential of Nz can be calculated as: 
p= + RT InP, 
poe = RT lop: 
(i) When p,; = 5atm, T = 27 -+ 273 = 300 K 
p — p? = (8.314 J K™'mol™:?) X (300 K) x 2.303 log 5 
= 4.015 kJ 
(ii) When p; = 10 atm, T = 300 K 
pl — p° = (8.314 J K™'mol™!) X (300 K) X 2.303 log 10 
= 5,744 
Change in free energy when 1 mole of Nz is transferred from 10 atm 
to 5 atm, 


or 


Il 


AG = (l mol) x (p — p’) 
= (1 mol) X [(# — u°) — (uw — p°) 
= (1 mol) X [4.015 — 5.744] = — 1.729 kJ 
Alternatively, it may be calculated as, 


AG=nRT In = = (1 mol) X (8.314 J K=! mol“) x (300 K) 
1 


5 
x (2.303 log io ) 
= —1.729 kJ 


QUESTIONS 


Numerical Problems 
7.1 Calculate the standard Gibbs free energy change for the combustion of 
methane: 
CHi(g) + 202(g) ——> CO.(g) + 2H20(g) 
at 25°C; AH® = — 191.8 kcal and AS? = 1.2 cal K-21 
7.2 Aland AS fora reaction at 27°C are — 10 kcal and 20 cal K~}, respectively. 
What is AG for the reaction? Predict whether the reaction will be feasible or 


not? 
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7.3 


7.4 


7:5) 


7.6 


77 


7.8 


7.9 


7.10 


7.11 


7.12 


7.13 


7.15 


(SI Units) Calculate the value of (AG — AA) for the following reactions at 
300 K: 


(a) CHeCOOHG) + 43 O(g) —+ 6C0:(2) + 3H:0(1) 


(b) C:HsOHU) + 302(g) ————-> 2C0:(2) + 3H20(1) 
© CHA) + 2 Ose) ——+6c0.(g) + 3H:0(8) 
The standard e.m.f. of cells at 25°C are given: 
(a) Zn | Zn?+(1M) || Cu?+(1M) | Cu; E° = 1.10 V 
(b) Pti H2(1 atm), H+(1M) || Zn2+(1M) | Zn; E° = — 0.763 V 
Calculate AG” for the cell reactions and predict which of these is spontaneous. 
(SI Units) The standard free energy of formation of C,H,(1) and C2He(g) are 
172.80 and 209.20 kJ mol-1, respectively. Calculate AG? for the conversion of 
acetylene to benzene, 
AG? for the reaction 
C:HsOH(I) + 302(g) ——> 2 CO2(g) + 3H20(1) 
at 298K is — 1326.2, kJ moli. Calculate the free energy of formation of 


ethanol given that AG* for CO, = — 394.4 kJ mol-}, 


AGS for H:0(1) = — 237.2 kJ mol-+ at 298 K. 


Urea can be synthesized according to the reaction 


2NH,(g) + COs(g)—-—> NH:CONH4(s) + H.0(1) 
Calculate AG” for the reaction at 298 K given that 


AG; (NH:CONH:) = — 197.2 kJ mol-, AG? (COs) = — 394.4 kJ mol-1, 


AG; (H20) = — 273.2 kJ mol-1, AG; @NH:) = — 16.6 kJ mol-+. 


(SI Units) For the reaction, 
Ni(s) + Cla(g) ——> NiCle(s) 
AH? = — 305kJ mol-* at 298 K and the entropies of various substances at 
298 K are 
S°(Ni) = 30.1 J K~ mol~1, $°(Cle) = 223.3 J K-1 mol-1 
S°(NiCl2) = 97.4.J K-! mol-}, 
Calculate AG? for the reaction. 
AG for a reaction at 300 K and 310 K are — 29.1 kcal mol-1 and — 25.8 kcal 
mol, respectively. Calculate AH and AS for the’ reaction between: this 
temperature range. 
(SI Units) For-the-reaction 
N,(g) + 3H2(g) —> 2NH;(g) - 
at 2981K; AH° = — 92.4 kJ, AS° = — 198.3 J. Calculate AG for the reaction 
at (i) 298 K (ii) 500 K. 
The free energy change accompanying a given reaction is — 22.8 kcal mol-! at 
25°C, and — 21.6 kcal mol-? at 35°C. Calculate the change in enthalpy for the 
Teaction at 30°C, 
Calculate the Gibbs free energy change when five moles of an ideal gas are 
compressed isothermally from 1 atm to 100 atm at 25°C. 
(SI Units) Two moles of an ideal gas, initially at 300 K and 1.01.x. 103 Nm-2 
are compressed isothermally till the pressure becomes -6.06°x 10° Nm~?. 
Calculate the Gibbs free energy change for the process. 


Calculate AG for the isothermal expansion of one mole of an ideal gas» at!27°C 
from a pressure of 760 torr to 76 torr. 


(SI Units) Four moles of an ideal gas expand isothermally from:1¢dm’ to 
10 dm’, at 300 K. Calculate the change in the free energy of the gas. 
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7.16 Calculate the value of p — p° for two moles of an ideal gas at 127°C and 450 
torr pressure, 

7.17 The density of nitrogen at 0°C and 1 atm pressure is 1.25 g /-1. Calculate the 
fugacities of nitrogen under these conditions. 

7.18 Calculate AG? for the reaction: $ 

H-S(e) + į Os(g) ——> S92(8) + H2O0(1) 

from the following data 
Substance AH? (kJ mol`“) S°(J K-mol-) 
H.S(g) — 20.1 205.6 
SO.(g) — 296.1 248:5 
H:0(1) — 285.8 69.9 
O:(2) 0 205.0 

7.19 The Gibbs free energy of a water-ethanol system changes by 35 cal at a. given 
temperature when 3.6 g of water is introduced into a large amount of solution. 
What is the chemical potential of water ? 

7.20 The vapour pressure of ice at — 5°C is 3.012 torr and that -of super-cooled 


liquid water is 3.163 torr. Calculate the molar free energy for the process: 
Ice ( — 5°C) ——> Water (super-cooled, — 5°C). 


Quiz Questions 
Type A: Multiple Choice 


7.21 


7.22 


7.23 


7.24 


7.25 


7.26 


The Helmholtz free energy A of any system is defined as 

(a) A= U + TS 

b) 4=U—TS 

(c) A =U— pV 

(d) A= H—TS 

At constant temperature, the decrease in Helmholtz free energy is equal to the 
(a) reversible work done by the system 

(b) decrease in entropy 

(c) total work done minus pressure volume work in a reversible manner 

(d) irreversible work done by the system 

Aticonstant pand T the change in Gibbs free energy.(AG) may be expressed as 
(a) AG = AH—TAS 

(b) AG = AH + TAS 

(c) AG = AU — TAS 

(d) AG = AH — AU +p AV 

Which of the following does not express the criterion for the spontaneity ?-_ 
(a) (QU)s,y,7 SO 

(b) (S)u,r,7 79 

(c) A)y,r 70 

(d) (dQ), r <9 


At constant p and T, the criterion of spontaneity is 
(a) dG>0 
(b) dd <0 
(c) dA > 0 
(d) dG<0 
The variation of Gibbs free energy change with temperature is expressed by 
ôl AGIT) AS 
@) are te ee me? 
a(AG) AH 
b) a T? 
a(AG/T) AH 
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a H 
Oa = 


7.27 Consider the thermodynamic equations, 
dA == —- pdV — SdT 
and dG = Vdp — SdT > 
Which of the following is not correct ? 


© (or Jr 

® (57), =-? 
ej 
o (É) == 


7.28 For the cre dG = Vdp — SdT, which of the following is correct ? 


w (= Jj a's 
(b) (22) =» 


ôG 
(c) (57 )s = 
@ (2), =r 
7.29 The ASS of Helmholtz free energy change with temperaiure 6(AA/T)/dT is 

equal to 

AU 
@ -= -F 

AU 
(OS 

AU 
CE 
(q) TAU 


7.30 If n, and nz represent moles of two components and 3 ; 
potentials, respectively, then the Gibbs Duhem peek i this Vom ee 
is written as 
(a) nı dpa + mdp: =0 
(b) mdpi + mdp: > 0 
(c) mdpı + mdus = 0 
(d) mdpy — mdus=0 

7,31 The term chemical potential was first introduced by 
(a) Gibbs 
(b) Duhem 
(c) Einstein 
(d) Maxwell 

7.32 The variation of chemical potential with pressure may be expressed as 


On. pig -A 
(a) sa ap a Si 
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7.33 The change of chemical potential of any component, with temperature, at 
constant pressure and composition, is equal to the 
(a) partial molar volume 
(b) negative of the partial molar entropy 
(c) partial molar free energy 
(d) partial molar enthalpy of that constituent 

7.34 The chemical potential of a component (having partial Pressure p;) of a 
mixture of ideal gases is expressed as 


(a) pi = #3 (p) — RT In p; 


cP In p; 
(b) wy = #2 (P) + RT 


(c) pi = p3 (pP) + RT In pi 


(d) “+ = RTI p; 
KiC) 
7.35 A kind of fictitious pressure used in order to retain, for real gases, simple 
forms of equations which are applicable to ideal gases, is called 
(a) non-ideal pressure 
(b) activity 
(c) fugacity 
(d) escaping pressure 
7.36 Activity is defined as 
(a) concentration in the standard state 
(b) ratio of the fugacities in the given and standard states 
(c) ‚concentration of the solute when its chemical potential is zero 
(d) ratio between the actual pressure and the pressure in the ideal gas, at the 
same concentration à 
7.37 In a solution, the activity of the solvent is 
(a) always less than unity 
(b) always more than unity 
(c) equal to unity 
(d) equal to fugacity 
7.38 During a solid—liquid transition at melting point, 
(a) AU =0 
(b) AH=0 
(c) AS=0 
(d) aG =0 
7.39 The correct expression for the chemical potential of a component ‘i’ in the 
mixture is 


(a) (arr, P, n; 
(b) (an )s, P, my 
(9 (are V, ay 


(a) (oar Jr, P: j 


7.40 The relationship between the Gibbs free energy (G) and Helmholtz free 
energy (A) is 
(a) G=A-—TS 
(bl) G=A+ H-pV 
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(©) G=A+p 
(d) 4=G-—TS 


7.41 The Gibbs-Helmholtz equation may be expressed in one of the following 


forms 

(a) AG=AH+T Cer 
aaG 

w [Sr S 
vee Sani 

(©) [ or l T RTA 

(a) aG = - [| 


7.42 Which of the eke relations is incorrect ? 


@) Gr) 


TOS 
oy AID ua 
© xin aes 


7.43 If ice 7 <0, the process 
(a) does not occur 
(b) is feasible 
(c) has ceased to occur $ 
(d) can occur only at high pressures 
7.44 In the standard state for a Bas, 
(a) activity = 1 
(b) fugacity =1 
(c) activity > fugacity 
(d) fugacity = 0 
7.45 The free energy change in an isothermal compression 
gas, when pressure changes from p, to ps may be expre: 


(a) AG =nRT In = 


at any given temperature, 


of n moles of an ideal 
ssed as 


Pa 

(b) AG = [are dp 
Pı 

(c) AG = V(pa—p:) 


(d) AG = nRT in 2 


Pı 


TYPE B: Multiple Choice (Numericals) 


7.46 The Gibbs free energy of a reaction at 300 K and 310 K are —29 kcal and 
—29.5 kcal, respectively. AS for the reaction in this temperature range is 
` (a) 58.5 cal deg-1 
(b) —50 cal deg=1 
(c) 50 cal deg-1 
(da) —58.5 cal deg-? 


7.47 


7.48 


7.49 


7.50 


7.51 


7.52 


7.53 


7.54 


7.55 
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AG for a reaction at 300 K is —16 kcal and AH is —10 kcal. The entropy of 
the reaction is 


(a) 20 cal deg-* 

(b) 86.6 cal deg-1 
(c) 166 cal deg-! 
(d) 100 cal deg-? 


The activity coefficient of a gas at p = 4 atm is 1,04, Its fugacity is 

(a) 4.16 (b) 0.26 

(c) 0.74 (d) 3.8 

The fugacity of a pure liquid substance at 25°C is 90 torr. In a solution at the 


same temperature, its mole fraction is 0.25 and fugacity is 18 torr. The activity 
coefficient of the substance in the solution is 


(a) 0.20 (b) 0.50 

(c) 075 - (d) 0.80 

The activity coefficient of a gas ina gaseous mixture is 0.3. The fugacity of 
the gas in its standard state is 90 torr. The fugacity of the gas in the mixture is 
(a) 30 torr (b) 0.0003 torr 

(c) 27 torr (d) 2.7 torr 

Calculate the free energy change accompanying the compression of 1 mol of 
a gas at 27°C from 20 to 200 atmospheres (R=2 cal K-1 mol-1) 

(a) 138.18 cal (b) 13818 cal — 

(c) 1381.8 cal (d) —1381.8 cal 

The Gibbs free energy of a reaction at 27°C is —26 kcal and its entropy change 


is 60 cal/deg. AH of the reaction is 
(a) —44 kcal (b) —8 kcal 
(c) 34 kcal (d) —14 kcal 


One mole of an ideal gas expands reversibly and isothermally, at 27°C, from 
the initial volume of 5 / to 50 /. AG for the reaction is (R=2 cal K-1 mol-1) 


(a) 1.382 kcal * (b) —1.382 kcal 
(c) 1382.8 kcal (d) —1381.8 kcal 
A liquid freezes into a solid at 200 K and 1 atm. AH of the reaction is —1200 


cal mol-*, The freezing will be spontaneous at (assume AH and AS remain 
constant) % 


(a) 205 (b) 210K 
(c) 195 (d) 201 
For the reaction 


A+ 2B —>C +D 
AH = —25 kcal and 


AS = 90 cal deg~! at 27°C. 
The reaction 


(a) is irreversible at 27°C 

(b) is not feasible at 27°C 

(c) represents equilibrium state at 27°C 

(d) can occur only at temperatures higher than 27°C 
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TYPE C: True or False 


7.56 The decrease in Helmholtz free energy is equal to the amount of reversible 
work done. j 

7.57 At constant pressure and temperature, the criterion of spontaneity is dG < 0. 

7,58 Chemical potential is an extensive property. 

7.59 The variation of chemical potential with pressure, at constant temperature 
and composition, is equal to the partial molar entropy. 

7.60 The ratio of fugacities in the given state to those in the standard state is called 
the activity coefficient. 

7.61 The activity of a solvent in a solution is always less than unity. 

7.62 In case of gases, the standard state at any temperature is that in which the 
fugacity of the gas is equal to zero. 

7.63 The Gibbs free energies of elements in their most stable forms are arbitrarily 
fixed as equal to zero at 1 atm pressure and 0°C. 


7.64 The chemical potential of a constituent of a mixture is its contribution per 
mole to the total free energy of the system of a constant composition at con- 
stant temperature and pressure. 

7.65 In a solution, the fugacity of the solvent will always be less than that of the 
pure solvent at the same temperature and pressure. 


TYPE D: Fill in the Blanks 

7.66 If a process, under constant conditions of temperature and pressure, is 
accompanied by a decrease of free energy, the process is —— 

7.67 At equilibrium, free energy change is —————, 

7.68 The partial molar quantities are concerned with —————— properties. 

7.69 For an ideal gas mixture, the fugacity of a gas is equal to its ——————. 


7.70 The fictitious pressure used in order to retain simpl ; 
———— gases for ————— gases is called — ple forms of equations of 


ANSWERS 


Numerical Problems 

7.1 —192.2kcal 7.2 —16 kcal, feasible 7.3 (a) —1247.1 J (b) —2494.2 J 
(c) —3741.3 J 7.4 (a) —212.3 kJ (b) 147.3 kJ (c) is feasible 7.5 —454.8 kJ 
7.6 —114.2k3 7.7 —6.8 kJ mol“? 7.8 —258.5 7.9 —128.1 7.10 (i) —33.31 
(ii) 26.37 7.41. —46.44 7.12 13.589 7.13 8.94 7.14 —1.368 7.15 22.98) 7.16 
—520,0 J 7.17 (a) 1,001 atm, (b) 98.14atm 7.18 —503.8 7.19 175 7.20. 
—109 J mol“? 


Quiz Questions 

7.21 (b) 7.22 (a) 7.23 (a) 7.24 (c) 7.25 (d) 7.26 (c), 7.27 (b). 7.28 (d) 
7.29 (c) 7.30 (c) 7.31 (a) 7.32 (b) 7.33 (b) 7.34 (c) 7.35 (c) 7.36 (b) 
7.37 (a) 7.38 (d) 7.39 (a) 7.40 (a) 7.41 (a) 7.42 (d) 7.43 (b) 7.44 (b) 
7.45 (d) 7.46 (c) 7.47 (a) 7.48 (a) 7.49 (å) 7.50 (c) 7.51 (c) 7.52 (a) 
7.53 (b) 7.54 (c) 7.55 (b) 7.56 True 7.57 True 7.58 False 7.59 False: it 
is equal to partial molar volume 7.60 False: it is called activity 7.61 True 
7.62 False 7.63 False 7.64 True 7.65 False 7.66 irreversible 7.67 zero 
7,68 extensive 7.69 partial pressure 7.70 ideal, real, fugacity. 


8 
Chemical Equilibrium 


It is a common observation that many reactions do not go to comple- 
tion. The amounts of reactants left depend on the experimental con- 
ditions (temperature, pressure, etc.) and the nature of the reaction. The 
question as to how far a reaction proceeds is very important in chemistry 
and chemical engineering. 


8.1 EQUILIBRIUM STATE 


The state in which the measurable properties of a system (such as pres- 
sure, density, colour or concentration of species) do not undergo any 
noticeable change with time, under a given set of conditions, is said to 
be a state of equilibrium. 


Characteristics of Chemical Equilibrium 


The important characteristics of chemical equilibrium are: 

(1) The properties of the system become constant at equilibrium and 
remain unchanged thereafter. 

(2) Fhe equilibrium can be approached from either direction, i.e. 
starting with pure reactants or pure products, provided enough 
time is allowed. 

(3) The chemical equilibrium is dynamic in nature. It may be noted 
that, after the attainment of equilibrium, the reaction does not 
stop. Infact, both the forward and backward reactions con- 
tinue at equilibrium but the rates of the two opposing reactions 
become equal. f 

(4) A catalyst can hasten the approach towards equilibrium but it 
does not change the state of equilibrium. 


8.2 LAW OF CHEMICAL EQUILIBRIUM 


Consider a simple reversible reaction, 
A+Be2C+D 
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According to the law of mass action, 
Rate of forward reaction, Ry = ky aa X ap 
Rate of reverse reaction, R, = k, ac X ap 


where aa, ap, ac and ap are the activities of the substances A, B, C and 


D, respectively. ky and k, are the rate constants for the forward and 
the backward reaction, respectively 


At equilibrium, the rates of forward and reverse reactions become 
equal, Ry = R,, so that 


ky aa X as = k, ac X ap 


— ‘kr _ acXap (8.1) 
UE aS ess y aa X AB 
where K is called the thermodynamic equilibrium constant. In some cases 
(ow concentration or pressure), it is convenient to replace activities by 
concentrations and we have 
ERCON. 8.2) 
GROSSO: aR 
For a general reaction, 
aA + bB+.. —> 1L + mM +... 
Can COs. 
C= (8.3) 
CLIX CR OX... 
The concentrations of species A, B, etc. are also written as [A], [B], 
ete. so that 


_ IL} [mr ... 
Be = TAT B 


8.3 DIFFERENT FORMS OF EQUILIBRIUM CONSTANTS 


Equation (8.3) ex 


Presses the equilibrium constant i 
tions (mol /-1 


n terms of concentra- 
or moldm™’), For gaseous reactio 


ns, the concentrations 
are related to pressure through the gas equation, C = 7 


p 
= d 
ye 
Equation (8.3) becomes 
Pu\! y (2u) 
Ea rs a) ies 
he= EN aN 
(BY Gy 
RT RAJ ek 
Bon m 
TE * Py 


< tee 1 \Ot meee) (C ae bere) 
f x (er) 
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Pr X Ph X 
The quantity ae Se (8.4) 
Px X Py X 
is defined as K, and is constant at a given temperature. Thus, K, and 
K, are related as 


ee 
K. = K, X G) (8.5) 


or K, = K. X (RT) (8.6) 
where An = (1+ m + ...)— (a +b +...) is the difference between 
the number of gaseous moles of the products and reactants in the chemi- 
cal equation for the reaction. 
The concentrations can also be expressed in terms of mole fractions 
(x) and therefore, for a general reaction 
aA + bB +... = IL + mM... 
a XIX Ket 
K, = —————_ (8.7) 
xi X ve Xis 
Now, partial pressure pa is related to total pressure pas pa = X,D, 
etc. Thus, equation (8.4) er ae 
— (xxp)! X (xp) .. 


Ke = Tap) X Gen)? 
(sr) ACME sk Py KN oe 
DAR Seay ee Pay oh a E 
or K, = K,p*" (8.8) 
From Equations (8.6) and (8.8) we get 
K. X (RT)4" = K, p^” = x{2.\” 
(RT) por K = KZ) (8.9) 


EXAMPLE 8.1 What will be the equilibrium concentrations of Ha, Is and 
HI if, initially, 5 millimoles of H: and 2 millimoles of Iz are introduced 
in a one-litre flask thermostated at 27°C? (K, for the reaction is 16.34 
at 27°C). 
Solution According to the reaction, 
He + I, = 2HI 
One mole of Hə reacts with one mole of Iz to form two moles of HI, 
Let us suppose that x millimoles of Hə react with x millimoles of Ia to 
give 2x millimoles of HI and equilibrium is established. 
Then at equilibrium, 
He = (5 — x) X 1078 mol ~! 
I: = (2 — x) xX 1078 mol 7} 
HI = 2x X 1073 mol /1 
[HI]? (2x X 1073)? 
e [Ha] [2] (5 — x) xX 10° x (2 =x) x 10° 
12.34x? — 114.38x + 163.4 = 0 


or 
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Solving the quadratic equation, we get x = 1.77 millimoles. Thus, 
equilibrium concentrations are: 
[Hz] = 5 — 1.77 = 3.23 millimoles/litre 
[Ik] = 2 — 1.77 = 0.23 millimoles/litre 
[HI] = 2 X 1.77 = 3.54 millimoles/litre 
EXAMPLE 8.2 (SI Units) During the preparation of carbon monoxide by 
the reaction: 
CO.(g) + H2(g) = CO(g) + H2O(g) 
at 1175K and 1.02. 105 N m`? pressure, the partial pressures of CO», 
Ha and CO are 2.18 x 104, 2.58 X 10‘ and 2.72 X 10t N m™?, respectively, 
(a) Calculate K, for the reaction. 
(b) What will be Kp for the reaction, 
CO(g) + H20(g) = CO.(g) + Ha(g) 
at the same temperature? 
Solution (a) For the reaction 
CO: + H: & CO $ H:0 


P xp 
K, = C0) * Pao) 


Picon) X Pa) 
= s 4 -2 
Po, 2.18 X 10¢Nm A Pan) 


= 2.72 X 10$ N m~? 


= 2.58 X 10i N m`?,` 
Pico) 


Pano) =P Peco) * Pa + Pico] 
= 1,02 X 105 — [2.72 + 2.58 + 2.18] x 10 
= 2.72 X 104 N m~? 


= 2.72 X 10° N m~) x (2.72 X 10! N m-t) 
? (218 X I0 N m=) x (2.58 xX 10N m) = 1-32 


(b) The equilibrium constant K, for the reverse reaction is related to 


the equilibrium constant for the forward reaction K, as 


t 1 a 1 = 
K; = IA — 1.32 0.76 
EXAMPLE 8.3 In an experiment at 1000 K the concentrations of NHs, 
He and Ny at equilibrium are 
[NH3] = 0.105 mol dm=, [N2] = 1.10 mol dm“? and 
[Ha] = 1.50 mol dm=? 
Calculate the yalues of K, and K, for the reaction 
Ns + 3H, = 2NHs 
Solution For the reaction, 
N: + 3H, = 2NH3 
= [NHs]? 
[Na] [H.]® 
[NHs] = 0.105 mol dm~*, — [N:] = 1.10 mol dm=3, 
[H,] = 1.50 mol dm~? 


c 
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K= (0.105 mol dm™?)? 
g (1.10 mol dm~?) X (1.50 mol dm™*)3 


: = 2.97 x 107% mol™* dm® 
Now, p = K; (RT)4" 
An=2—(3 +1)=-— 2, R= 0.082 atm dm? K™mol™t, 
T = 1000 K 


E, = (2.97 X 107%mol~?dm®) x [(0.082 atm dm? K~tmol~t) 
x (1000 K)? 
= 4.42 x 1077 atm™ 
EXAMPLE 8.4 (a) Determine the equilibrium constant K, for the 
reaction 
CO(g) + 402(g) = CO,(8) 
if the partial pressures in a vessel at 3000 K and at equilibrium are 
Po) = 0.4 atm, Picon = 0.6 atm and Po,) = 0.2 atm 

(b) Calculate Ke and K, for the above reaction. 


Solution For the reaction, 
CO(g) + 40:(g) = CO:(g) 
Picos) 
Po) * Pion 
Pico) = 0.6 atm, Pico) = 0.4 atm and PO.) = 0.2 atm 
0.6 atm = 2e 
K, (0.4 atm) x (0.2 atm)? S Sman 
(b) K, and K, are related as 
E. = K, X (RT)-4" 
An = 1 — (1 + }) = —}, R = 0.082 atm | K™*mol}, 
T = 3000 K 
Ke = (3.354 atm™1/2) X [(0.082 atm 7 K~*mol™) X 3000 Kp? 
= 52.64 mol?” 2? 
K, and K, are related as 
K, = K, X (py 
An = —4, Total pressure, p = 0.4 + 0.6 + 0.2 = 1.2 atm 
K, = 3.354 atm™™/? x (1.2 atm)! 
= 3.67 
EXAMPLE 8.5 (SI Units) Calculate the ratio of K, to K. at 300 K for the 
following reactions: 
(a) Na(g) + 3H:(g) = 2NH3(g) 
(b) N:(g) + O:(8) = 2NO(g) 
(c) NH4 CI(s) = HCI(g) + NH:(g) 


Solution 
(a) Ratio of K, and K, is 
K, = E. (RT) 
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Ke _ an 
or K. (RT) f 
For the reaction (a) An = 2 — (1 + 3) = — 2, R = 0.082 atm / K™mol"?, 
T = 300K 
ze = [(0.082 atm / K™mol™) x (300 K)]-2 


= 1.65 X 1073 atm7? /-2mol? | 
(b) For the reaction An = 2 — (l-+ 1)=0 
K, A Ma 
Teia RDS] 


(c) For the reaction An = 1 +1—0=2 


s = [(0.082 atm / K-4mol™) x (300 K)]? 
= 605.2 atm? /? mol`? 
Note The units of the ratio of K, to K, depend upon the units of K, and Ke 
for the reaction. For example, for reaction (a) 
_ (aim)? 
~~ (atm) (atm)? 
Kp atm™? 


ant eee -2 j-2 2 
K, (mol/iy=2 atm~? /~2 mol 


P = atm™?; Ke = (conc)? = (mol//)~? 


For different reactions, the units for K,/K. will be different. 


8.4 FREE ENERGY CHANGE AND EQUILIBRIUM CONSTANT 


The equilibrium constant (K) and the standard free energy change (AG°) 
of the reaction are related by the equation: 


AG? = — RTIn K, 
or K, = e` AG IRT (8.10) 
But AG? =AH° — TA S° ; 
e K, = e~ AG RT — e—AH°|RT ,AS°|R (8.11) 
Similarly, A4° = — RT In K: 2 
or Ke = e@ AA |RT (8.12) | 
But AA = AU? — TA S* | 
Ke = e~AA°IRT L ,~AU°/RT gAS°/R (8.13) | 


Here, AS° in Eq. (8.11) and Eq. (8.13) is entropy change. 


8.5 TEMPERATURE DEPENDENCE. OF EQUILIBRIUM 
CONSTANT (VANT’ HOFF EQUATION) 


The equilibrium constant May increase, decrease or remain constant 
with increase in temperature. The temperature dependence of the 
equilibrium constant is quantitatively given by Equation (8.14), which 
clearly shows that it depends on standard enthalpy: 
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d(in K) _ AH? (8.14) 
aT RT? ‘ 

If the equilibrium constant changes from E, (1) to Æ, (2) when the 
temperature changes from Tı to T, then integrating Eq. (8.14) between 
the appropriate limits gives 

Kp(2) Ts 
d(in K,) = 
Kp) Ty 
Assuming AH° independent of T 


AH? 
RT? 


K,(2)_ AH? f1 d 
In (i) R (z =a) 
KOJ = ABE Py ol ) 8.15) 
a los (1) ~~ 2.303R (7 T € 
TA KA2 AU? 1 
Similarly, log ant a (7-7) (8.16) 


Here it is assumed that AH? (or AU®) is independent of temperature, 
specially for small ranges of temperatures. However, if need be, 
Kirchhoff’s expression can be used for AH’. 

Equations (8.15) and (8.16) help to calculate the equilibrium constant 
at T, i.e., K,(2) if K,(1) at Tı and AH? are known. On the other hand, if 
equilibrium constants are known at two different temperatures, the aver- 
age enthalpy of reaction over the temperatures T, and T, can be calculat- 
ed. However, if K, values are known at various temperatures, then 
AH” is calculated graphically from Eq (8.14) which can be written as 

ò 


RT (8.17) 
where C’ is the integration constant. The plot of log K, versus 1/T gives 
F f ‘ AH” 
a straight line w m 
ght li ith slope ( Z303R ) i.e. 
AH’ = —2.303R xslope ; 
EXAMPLE 8.6 (SI Units) Calculate AG° for the following reactions from 
equilibrium constant values 
(a) NO(g) = 4N2(2)+30.(g) ; K, = 1.55 1015 at 298 K 
(b) - CO(g)+SO,(g) = CO.(g)+S0.(g) ; K, = 5.0X10*4 at 400 K 
Solution AG” is related to K, as * 
AG? = —RT In K, 
(a) NO(g) = 4Na(g)+102(g) 
K, = 1.55 X10", T = 298 K, R = 8.314 J K mol 
AG? = —(8.314 J K~ mol) x (298 K) X2.303 log (1.55 x 1015) 
—86.7 kJ mol? 
CO(g)+SOs(g) = CO2(g)+S0.(g) 
(b) ee 50x 10%, T = 400K, R = 8.314 J K™ mol 
AG? = —(8.314 J K-} mot) x (400 K) x 2.303 log 5.0 x 10 
= —189.2 kJ mol 


i 


ll 
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EXAMPLE 8.7 (SI Units) The standard free energy of formation at 
298 K of N,(g), H.(g) and NHs(g) are 0.0, 0.0 and —16.6 kJ mol". 
Determine the equilibrium constant for the reaction 

N,(g)-+3H,(g) = 2NH;(g) 


Solution AG? for the reaction is 
AG" = 2AG7 (NH)-[ AG; (N,)+3AG7 (HH) | 
= 2X(—16.6 kJ mol-)—[0+3 x0] 


= —33.2 kJ mol- 
r o 
Now, Ink, = — og 
AG? 
eee) 3203 RT. 


AG? = —33.2 kJ mol, R= 8.314 J K- mol, T = 298K 


a 33.2 10? J mol“! 
08 Ky = —7503K(8.314 JK mol) X(298K) 
=5.8186 
K, = 6.59108 


EXAMPLE 8.8 Equilibrium constant K, for the reaction 
© Ha(g)+Br:(g) = 2HBr(g) : 
at 25°C is 1.7X 10°. Find the free energy of formation of HBr(g) if the 
free energy of formation AG; for Br.(g) and H.(g) are 0.75 kcal mol 
and 0, respectively. 
Solution AG? ond K, are related as 
AG? = —RT In K, 
Kp = 1.7X10", = F= 298K, R =1.98 cal mol? K™ 


AG? = —(1.98 cal mol! K~4) x (298 K) x 2.303 log (1.7 10") 
= —26132 cal = —26.132 kcal mol`: 


Now AG? = 2AG? [HBr »l-{ AG? EOR EZO! 


—26.132 kcal mo ?= 2AG [aB |-[ 0-40.75 | 


or AG? [aere] = — 2.69 kcal mol`! 


EXAMPLE 8.9 (SI Units) The equilibrium constant for the reaction 
H.(g)-++I,(g) = 2HI(g) at 298 K 

is 16.35. What will be the equilibrium constant at 273 K if the heat of 

reaction in this temperature range is —25.4 kJ mol? ? 


; K A (11 
Solution log EG) ~2.303R (7 7 
Tı = 298 K, T, = 273 K, K,(1) = 16.35, 


AH? = —25.4 kJ mol: 
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Hy KONT ee or nas [ Inde fi ] 
08 16.35 (2.303x8.314J K mol) L 273 298 
K,(2) = 41.79 


EXAMPLE 8.10 The equilibrium constant K, for a reaction at 327°C and 
347°C are 1X 107 and 5X 107!*, respectively. Considering AH” to be 
constant in the above temperature range, calculate AH° and AS for 
the reaction. f 


Solution log K,(2) 8H: l l ] 


KD 2305 E nT 
K1) = 1x107, K,(2) = 5x107, T, = 327+273 = 600 K, 
T, = 347+273=620K 


ibe St AH? 600—620 
8 ixo = 2.303 x 1.98 L 600x620 
or AH’ = 59.283 kcal 


AG? = —RT lIn K 
At 600 K, K = 1.0x 107 
AG? = —1,98 X 600 X 2.303 log 1.0 10712 
= 32831.6 cal = 32.832 kcal 


Now AG° = AH° — TAS 
or AS AC TAN 
32.832 — 59.283 
ee PSS 


= —0.044 kcal K=! = —44 cal K`! 


8.6 LE CHATELIER’S PRINCIPLE 


Le Chatelier’s principle states that when a stress is applied to a system 
in equilibrium, the position of the equilibrium shifts in such a way as to 
undo the effect of the stress. 


Effect of Concentration 


The effect of concentration may be summed up as: 

Increase in concentration of any of the reactants shifts the equilibrium 
to the forward direction. 

Increase in concentration of any of the products shifts the equilibrium 
to the backward direction, 


Effect of Temperature 


Increase of temperature shifts the equilibrium in the direction of the 
endothermic reaction or AH? positive. 


Decrease of temperature shifts the equilibrium in the direction of exother- 
mic reaction or AH? negative. 
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Effect of Pressure 


Increase in pressure shifts the equilibrium in the direction of lesser 
number of gaseous moles. 


Decrease in pressure shifts the equilibrium in the direction of larger 
number of gaseous moles. 


Since increase in pressure means decrease in volume, the effect of 
change of volume will be the reverse of that of pressure. 


Effect of Catalyst 


A catalyst does not.shift the equilibrium in any direction. 
Effect of Inert Gas 


Introduction of an inert gas in the reaction vessel leads to an increase of 
total pressure. Therefore, its effect is similar to the increase in total 
pressure. 


8.7 EQUILIBRIA IN HOMOGENEOUS AND HETEROGENEOUS 
REACTIONS 


When in an equilibrium reaction, all the reactants and products are 


present in one single phase, it is called homogeneous equilibrium. 
For example, 


CO(g) + 40.(g) = CO.(g) (all gases) 

Ne (g) + 3H(g) = 2NHa(g) (all gases) 
CH;COOC;H,(1) + 2H,0 (1) C,H,OH(1) + CH,COOH(1) (all liquids) 
On the other hand, when, in an equilibrium reaction, all the reactants 


and products are present in two or more phases, it is called a heteroge- 
neous equilibrium. 


For example, 
S(s) + O(g) = SO2(g) 
CaCO;(s) = CaO(s) + CO:(8) 
The equilibrium constants in heterogeneous reactions are defined in 


exactly the same way as that for homogeneous reactions. For example, 
for the reaction 


CaCO,(s) = CaO(s) + CO.(g) 
P(co,) * PiCao) 
P(CaCOs) 


w 
Ceco) CiCao) 
z ea e 
(CaCOs) 
However, at a given temperature, the pressure or concentration of a 


substance, when present in a solid or liquid state, is not included in the 
expression for the equilibrium constant because the activity of a pure 
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solid or liquid are taken as unity at all temperatures and up to fairly high 
pressures. Thus, 


k= P(CO:) 
or. K: = Cicos) 


K,’s of heterogeneous reactions are also called condensed equilibrium 
constants. 


EXAMPLE 8.11 Calculate the pressure of COs at 600 K in the reaction, 
under equilibrium, 
CaCOs(s) = CaO(s) + CO2(g) 
The standard Gibbs free energies of formation of various substances are 
Substance CaCOs,(s) CaO(s) ` CO.(g) 


AG; (kJ) —1128.8 —604.2 —394.4 


Solution The free energy change for the reaction 
CaCO,(s) = CaO(s) + CO.(g) 


AG? = [AG; (CaO) + AG? (CO.)] — AG? (CaCOs) 
[— 604.2 + (—394.4)] — (—1128.8) 


= 130.2 kJ 
Now, K = co.) 
AG? 
log K, = — 5303 RT 
ie 130.2 10° J 
= ~ 2303 x (8.314 J K mol) x (600 K) 
= — 11,3333 
or K, = 4.64107! 


Poo, = 4-64 x 107" atm. 


MISCELLANEOUS EXAMPLES 


EXAMPLE 8,12 (SI Units) The standard Gibbs free energy change for 
the reaction 
N.(g) + 3Ha(g) = 2NHs(g) 
is —33.2 kJ mol? at 298 K 
(a) Calculate the equilibrium constant for the above reaction. 
(b) What would be the equilibrium constant if the reaction is writ 
IN.(g) + $H2(g) = NH,(g) pitten as 
(c) What will be the equilibrium constant for the reaction 
NH,(g) = 4N2(g) + 7Ha(g) 
(d) How are the three equilibrium constants related ? 


b 


Solution (a) For the reaction 
N.(g) + 3H2(g) = 2NH,(g) 
AG? = —33.2 kJ molt. 
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AG? 
Now, log Kp = —3 303 RT 
R = 8.314 J K-mol, T = 298K, 
AG? = —33.2X108 J mol 
— 33.2108 J mol"? 
log K, = — 5393 x (8.314 J K-imol?) X (298 K) 
= 5.8186 
or K, = 6.59 10° 


(b) For the reaction 
4N.(g) + 2H-(g) = NH-(g) 
AG? = } X —33.2 = —16.6 kJ mol 
—16.6 X 10° J mol 
log K, = —3 393 x (8.314 J K-imol*) X (298 K) 
= 2.91 
A K, = 811.5 
(c) For the reaction 
NH,(g) = 3N2(g) + 3H2(g) 
AG? = —[—16.6 kJ mol] = 16°6 kJ mol”! 
Sse 16.6 X 10° J mol“: 
a 2.303 X (8.314 J mol“) X (298 K) 
= —2.91 
K, = 1.23 X 1073 
(d) Itis clear that K(b) = K(a)*", i.e, the equilibrium constant with 
halved coefficients is one-half power of the equilibrium constant for 
` the reaction 


1 
K(c) = KO 
i.e. the equilibrium constant for the reverse reaction is the reciprocal of 
the equilibrium constant for the forward reaction. 
EXAMPLE 8.13 AH?’ and AS° for the reaction 

N.(g) + O2(g) = 2NO(g) 

are 43.14 kcal mol“! and 5.93 cal K~! mol“, respectively. Calculate the 
temperature at which the Gibbs free energy is 30 kcal, assuming AC, of 
the reaction to be zero. What will be the equilibrium constant at this 


temperature. What will be the percentage conversion of Na into NO, 
starting with an equimolar mixture of Na and O,? 


Solution AC, =0, 


Therefore, AH? and AS° remain constant over the temerature range. 
Then, 


AG? = AH?— TAS? 
AG? = 30,000 cal, AH’ = 43.14 x 
AS? = 5,93 cal K- mol7} 
ws 30,000 cal = 43.14 x 10° cal — T x (5.93 cal K-1) 
T = 2215.8 K 


10° cal, 
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Now, Ink, =S- 
or A Sate RT 
AG? = 30,000 cal, R = 1.98 cal K™! mol 
T = 2215.8 K 
eie Za 30,000 
? 2.303 X 1.98 X 2215.8 
or K, = 1.07x 10-8 


In this case, K, = K, = K, 
because, An =2— (1 +1)=0 

Let the initial moles for Nz and Oz be 1, and x of these be converted 
into NO, so that at equilibrium, 


LSR LAERT PVEN 
N] = —-— > [02] = —— » [NO] = V 
eerie ue -3 
K = EEE 1.07x10 
or =-= 0.00327 
or x = 0.00163 


*. conversion = 0.163% 


EXAMPLE 8.14 At 267°C, 10.425 g of PCl; are heated in a 4 l flask. The 
equilibrium mixture had a pressure of 1 atm. Calculate K,, Ke and AG° 
for the reaction at 267°C. 
Solution 
On heating PCls dissociates as, PCls (g) = PCls {g) + Cle (2) 
Initial weight of PCls = 10.425 g 
10.425 
Moles of PCls = 208.57 7 0.05 
Let the number of moles of PCls decomposed = x 
Then, at equilibrium, 
Moles of PCls = 0.05 — x, Moles of PCls = x, Moles of Cl: = x 
Total number of moles = 0.05 — x + x + x = 0.05 + x 
According to the ideal gas equation 


eon ME (1 atm) x (4) 

Number of moles = R7 = (0g? atm/ K mol) X (540 K) 
= 0.0903 

or 0.05 +x = 0.0903 
or x= 0.0403 i 

xy RT _ (0.0403)! x 0.082 x 540 _ 

kegen y (0.05 — 0.0403) x 4 1-853 atm 
PRENA = fa £ 
= pør "=1+1-1=1 


1.853 


ai eL 7 
0.082 x 549 ~ 00418 mol 7 


K: = 
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AG? = — RT In K, = — 1.98 x 540 x 2.303 log 1.853 
= — 659.6 cal $ 
EXAMPLE 8.15 N2Ox gas dissociates as 
N20,(g) = 2NO:(g) 
At 27°C and 1 atm, 20% of N20; is dissociated. - Calculate 
(a) equilibrium constant K, 
(b) per cent dissociation of N:O4 at 27°C when the total pressure 
becomes 0.2 atm 
(c) What will be the degree of dissociation whe 
73.6 g of N2041 in a 10 dm? vessel at 27°C ? 
Solution Let us assume 1 mol of N:0;1 in the be 
to the equation, dissociates to give 2 mol of NO 
20% of N20, dissociates: 
N04 = 2NO2 
Initial conc. 1 0 
At equilibrium 1 — 0.2 0.4 
=0.8 


Mole fraction of N:O, at equilibrium = 


u we start with 


ginning which, according 
2 At 27°C and 1 atm, 


0.8 
0.8+0.4 ~ 0.67 
Mole fraction of NO, at equilibrium = 
Now, total pressure = | atm 

Partial pressure of N:04 

Partial pressure of N O: 


0.4 
08 +04 7 9:33 


= 0.67 X 1 atm = 0.67 atm 
‘ = 0.33 X laim = 0.33 atm 
BS P Noy — (0.33)? 
PON.0y 0.67 
= 0.16 atm 
(b) Let a be the degree of dissociatj 


N:0; = 2NO: 
Initial conc. 1 0 


At equilibrium 1 — « 


on at 0.2 atm pressure 


2a 
: 7» l—a fees 

Partial pressure of N40, ey ee = = X 0.2 atm 

Partial pressure of NO. = i 


Xx 0.2 atm 


2 — x 0.2 y 
Paw. 3 
x, = lao _\T +a 


= = 0.16 
P.N.0,) (4 — x 02 ) 
0.8 a? 
S pao = 016 
Be 0.80? = 0.16 (1 — a?) 


Solving, « = 0.41, ie. 41% dissociated at 27°C and 0.2 atm. 
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73.6 g 
(c) Moles of N20% at the start = 92 g molt = 0.80 mol 
N2Ox = 2NO2 
Initial conc. 0.80 0 


At equilibrium 0.80 (1 — a) 1.600 
Partial pressures can be calculated as 


a ART 
PN) =F 


0.80 (1 — a) mol x (0.082 atm dm? K71 
10 dm? 
= 1.968 (1 — a) atm 
— (1.60% mol) x (0.082 atm dm? K7 


mol™*) x (300 K) 


_ *mol~') x (300 K) 
Pno.) 10 dm? 
= 3.936 a atm 
K = NOD _ (8936 a)? er 
" Paoy L96801 — a) = O 


or 7.87202 + 0,160 — 0.16 =0 
Solving for a, we get 
“=—0.15 or 0.13 
Thus, extent of dissociation = 13% 
EXAMPLE 8.16 Consider the Teaction, 
2Hg(g) + O2(g) = 2HgO(s) 
At 327°C, AH” = — 71.5 kcal and AS° 
The heat capacities at constant pressure ar 


{negative value is discarded). 


= — 91.9 cal K mol", 
e 


Com Hg(g) = 4.95 cal K-21 mol`: 


Cim Ox(g) = 6.31 + 0.0023T cal K-imol-1 
Com HgO(s) = 6.24 + 0.016T cal K-1 


Calculate (a) AG? and (b) K, for the above reaction at 27°C 
Solution (a) AG? (300 K) can be calculated fro 
AG? = AH? — TA Ss? 


mol"? 


m the relation 


300 
AH"(@300K) = AH*(600 K) +Í ace ar 
600 
AC, = 2C; (HgO) — 2C? (Hg) — C? (0;) 


= 206.24 + 0.0167) — 24.95) — (6,31 +. 0.0023 T) 
= — 3.73 + 0.0297 T cal K-1 


ý = mired jucipigs ead Kf 
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= — 71.5 — 3.73 x 1072 (300 — 600) 
AH?(300 K) PS Ages 291% 108 (300? — 6002) 
= — 74.39 kcal 
300 
AG? 


P? 
AS°(300 K) = AS°(600 K) + çy aT 


600 


= — 91.9 — 3.731n 2 + 0.0297 (300 — 600) 


= — 98.22 cal K7! 
AG? = AH°(300 K) — T A S°(300 K) 
= — 74.39 — 300 ( — 98.22 x 1078) 


= — 44.92 kcal 
AG? 
©) lsk =- RT 
AG? = — 44.92 kcal, R = 1.98 cal K™ mol", 
T = 300K 
aoe 44.92 
oP 2303 S98 x 300 
= 32.84 
i K, = 6.86 X 1022 
QUESTIONS 


Numerical Problems 


hydrogen and iodi 
400°C ina 5dm? flask contai 


ain 0.4 mol of hydrogen, 0.4 mol of iodine and 
2.4 mol of hydrogen iodide. 


(a) Calculate the equilibrium constant for the reaction. 
(b) What will be the equilibrium constant for the reverse reaction ? 

8.2 PCl; decomposes into PCI, and Cla, It is found that if we 
a 2 I flask and heat at 350°C, 40% of i 
constants K. and K, for the reaction, 

8.3 (SI Units) Calculate the ratio of K, to K, at 300K for the following reactions : 
(a) 280s (g) = 250. (g) + On (8) 

(b) 2HaS (g) + 30: (g) + 2H,0 (8) + 250: (g) 
(c) Ha (g) + Bra (g) = 2H Br (g), í } 

8.4 (SI Units) Three moles of acetic acid and two moles of ethyl alcohol are re- 
fluxed at 373 K till equilibrium is reached. Analysis at equilibrium showed 
that 1.5 mol of acetic acid was left unreacted, 

(a) What is the equilibrium consta 
(b) What is AG? for the reaction ? 


(c) How many moles of acetic acid will be Present if, initially 5 mol of it are 
taken? ; 


put 3 mol of PCl, in 
t decomposes, Calculate the equilibrium 


nt for the reaction ? 


8.5 


8.6 


8.7 


8.8 


8.9 


8.10 


8.11 


8.12 


8.13 


8.14 
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(SI Units) Write the expression for the eguilibrium constant K, for the follow- 
ing reactions and calculate K, from the AG? values: 


(a) CrCls (s) + 4Ha (2) = CrCl: (s) + HCI (g); AG? (1000 K) = — 51.8 kJ 
(b) SO: (g) + 402 (g) = SOs (8); AG? (900 K) = — 14.07 kJ 
(c) Ha (2) + Bra (g) = 2HBr (g); AG? (298 K) = — 109.5 kJ. 


(SI Units) The standard Gibbs free energy change for the reaction 
2NO; (s) = NaO« (8) 
is —4.86 kJ at 298 K. 
(a) Calculate the equilibrium constant for the above reaction. 
(b) What would be the equilibrium constant if the reaction is written as 
NO» (2) = 4N20. (g) 
(c) What will be the equilibrium constant for the reaction 
N:O. (g) = 2NOz (g) 
(d) How are the three equilibrium constants related ? 
K, for the reaction 
N20; = 2NO: 
at 25°C is 0.14. 
(a) A flask at 25°C initially contains pure N:Os at 10 atm. What will be the 
partial pressure of N:O4 and NO, after equilibrium ? 
(b) What is AG° for the reaction ? 
(c) What is AG at equilibrium ? 
(d) Calculate Ky for the reaction. 
In the reaction 
NH; = 3N2 + 3H 
at equilibrium at 450°C and 10 atm, the partial pressures of Nz and Ha are 2.44 
and 7.35 atm, respectively. Calculate the equilibrium constants (a) K, (b) Ke 
and (c) Kx for the reaction. 
In the equilibrium mixture of 
CO(g) + Bre (g) = COBr: (g) 
the partial pressure of CO(g), Brz (g) and COBr: (g) are found to be 0.208 atm, 
0.134 atm and 0.092 atm at 47°C. ° 
(a) Calculate K, for the reaction. 
(b) What is AG° for the reaction ? 
(SI Units) At 1 atm and 673 K, AG? for the“reaction ` 
CO(g) + Chi(g) + COCI: (8) 
is —16.95 kJ mol-1, Calculate the degree of dissociation of phosgene (COCI) 
into CO(g) and Cl,(g), at the same temperature and pressure. 
Nitrosyl bromide Js 34% dissociated at 27°C and total pressure is 0.25 atm, at 
equilibrium. 
2NOBr (g) + 2NO(g) + Bra (8) 
Calculate K, and AG? for the dissociation. 
PCI; is 40% dissociated at 327°C and 1 atm pressure 
` PCl; (g) = PCls (g) + Cl: (8) 
(a) Calculate K, for the reaction. 
(b) Calculate the degree of dissociation at a total pressure of 5 atm. 
(SI Units) For the reaction 
2HI1(g) = H: (g) + Iz (8) 
AH? = 10 kJ mol-+ and AS° = — 22.0 J K-1 mol-? at 1000 K and 1.01 x 105 
Nm. Calculate K, for the reaction. 
The vapour density of PCl; when in equilibrium with its dissociation products 
was found to be 90. 
(a) Calculate its degree of dissociation. : 
(b) Calculate the dissociation constant of PCl, at this temperature if the 


pressure is 1 atm. 
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8.15 The equilibrium constant for the reaction 
2S0: + O: = 2S0; j 
at 627°C is 3.16 x 10°. SO2 and Ozare introduced in stoichiometric ratio in 
al/ flask at 627°C at an initial pressure of 3atm. What percentage of SO, is 
converted to SO, ? 
8.16 For a decomposition reaction of the typz 
A: & 2A $ 
K, at 1025 K and 1.01 x 10* N m~? is exactly twice the K, at 1000K and the 
same pressure.. Calculate AH? for this reaction in this temperature range. 
8.17 The equilibrium constant for the reaction 
Nz: (g) + 3Ha (e) = 2NH; (g) 
at 25°C is 6.0 x 105. Calculate the equilibrium constant for the reaction at 
50°C. AH? in this temperature range is —92.0 kJ (assume AH’ to be indepen- 
dent of temperature). 
8.18 The equilibrium constant for the reaction 
Age 2A A 
was found to be 636 at 50°C. Calculate the degree of dissociation of A, when 
the pressure of the reaction mixture is 182 mm of Hg. At what pressure will the 
dissociation be 50% ? 
8.19 (SI Units) Calculate Ķ, for the reaction, at 298 K, 
COs (g) + Hz (g) = CO(g) + Hi0(g) 
from the following data: 
AG; (COs) = — 394.4 kJ mol-* AG;? (H;) =0 
AG;° (CO) = — 137.3 kJ mol-1 AG,? (H:O) = — 228.6 kJ mol, 
8.20 The plots of log X, against 1/T'are straight lines for the following reactions, 
Determine AH” for these reactions from the given slopes: 
(3) CaCO (s)  CaO(s) + COs (8); Slope = — 8.10 x 10° 
(b) SO» (8) + 40: (g) SO; (2); Slope = 4.95 x 108 
8.21 (SI Units) Find the equilibrium constant K, for the reaction 


CH: (g) + H:O(g) = CO(e) + 3Ha 
from the following data : 


— (G — H,°)/TJ K-i mol-2 


Ho’ kJ mol-1 
CH; (g) 199.05 —150.54 
H:0(g) 196.65 —238.49 
CO(g) 201.67 —190,50 
Hh (g) 136.98 0 


8.22 The dissociation constant of CaCO, at 900°C and 1000°C are 800 mm and 2950 
mm, respectively. Calculate the heat of dissociation 


in this temperature range ` 
(assuming it to be independent of temperature), 


8.23 Calculate the fraction of methane decomposed at 1 atm Pressure and 727°C if 
the reaction is 


CHi(g) C(s) + 2H, (g) 
(@° — H6§)/T for CHa(g) = —47.65, for C(s) 
cal mol-1K.-2 
AH3= 15.98 kcal. 


= — 2.77 and for H.(g)= — 32.74 


8.24 (SI Units) (a) Calculate the equilibrium constant K, for the reaction: 
3Fe(s) + 4H20(g) FesOq(s) + 4H2(g) 
at 800 K and 1.01 x 105 Pa, given that 
AG,’ [Fe(s)] = — 21.6 kJ mol-t; Gy? [H,O(g)] = — 390 kJ mol-}, 
AG;° [Fe,Ox (s)] = — 1236.0 kJ mol-1 and AG;,° [H.(g)] = — 106.8 kJ mol-}, 
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(b) What will be the ratio of pressure of H,O to that of H; at 800 K ? 


8.25 (SI Units) For the reaction 


3 FesOs(s) => 2FesOs + 402(8) 

AH°(298 K) = 230.6 kJ mol and AG? = 196.5 kJ mol-* 

(a) Calculate the equilibrium constant for the reaction at 298 K. 

(b) Calculate the equilibrium constant for the reaction at 328 K (assuming 
AH? to be independent of temperature in this range). 


QUIZ QUESTIONS 


Type A: Multiple Choice 


8.26 When a system is at equilibrium 
(a) the concentration of the reactants and the products become equal 
(b) the rate of the backward reaction becomes very low 
(c) the rate of the forward and backward reactions become equal 
(d) the opposing reactions (backward and forward) stop 
8.27 At equilibrium, the free energy change (AG) for a reaction is 
(a) zero 
(b) always negative 
(c) infinite 
(d) maximum 


8.28 The standard state Gibbs free energy change (AG°) is related to equilibrium 
constant K, as 


(a) K, = — RT In AG? 
_( 2 \-a@ 
o K,=( gr) 

AG? 
EER 
a K = eT AGRE 

= 


8.29 In the two gaseous reactions (i) and (ii), at 25°C, 
(i) NO(g) + 402(g) = NOs(g) Kı 
Gi) 2NO.(g) = 2NO(g) + O:(g) Ka 
the equilibrium constants K, and K: are related as 


(a) Re O K = 
(c) Ka =n (d) K= Ki 


8.30 Equilibrium constants K, and K, are related as 
Aan 
(a) K. = K, (RT) 
OK; = K. (RT)*” 
K.\a" 
©) x, =(z) 
(a) K,-— Ke = a7)” 
8.31 The variation of K, with temperature can be given by Vant’ Hoff’s equation as 


K,Q) AULA 
(a) log K, a o eke 

K,(2) aH? (i1 n 
(b) log KO oR (z r) 


EO AB (LE 
() 108 KO L303R (7: T) 


Ose | 1 
K,(2) aH’ (a-7) 

x = —2.303R F T 
(d) log K, 2.303. ( 2 1 
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Type B: Multiple Choice (Numerical Problems) 
8.46 Four moles of A are mixed with four moles of B when 2 mol of C are formed 
at equilibrium, according to the reaction 
A+BeC+D 
The value of the equilibrium constant is 
a (b) 4 
8 i (d) 4 
8.47 For the gaseous reaction 
A2(g) = 2A(g) x i 
the equilibrium constant at 125K is 10?, The approximate value of AG’ is 
(assume R = 8.0 J mol*K-) 


(a) —23.03 kJ (b) —100 kJ 
(c) —4.606 kJ (d) —2.303 kJ 
8.48 AG° for the reaction 
A+Be2#C 


is — 4,606 kcal. The approximate value of the equilibrium constant for the 
reaction at 227°C is (assume R = 2 cal mol-1 K 1) 
(a) 100 
(b) 1.202 x 10-* 
(c) 10 
(d) data are not sufficient for calculation 
8.49 For the reaction 
C(s) + CO: (2) = 2C0 (g) 
an equilibrium mixture had partia] Pressures, for CO; and CO, of 4.0 and 8.0 
atm, respectively. XK, for the reaction is 
(a) 0.5 (b) 2 
(c) 16 (d) 32 
8.50 The equilibrium constant K, for a reaction 


4A.(g) + Ba(g) = AB,(g) 

at 127°C and 227°C are 1 x 10-12 and 1 x 10-", respectively. The enthalpy of 
the reaction is (assume AH to be independent of temperature in this range and 
R = 2 cal mol-1 K-2) 

(a) 230.3 cal (b) 4.606 kcal 

(c) 689.3 kcal (d) 9.212 kcal 

8.51 The equilibrium concentration of the components In a reaction 
A+B2+C+Dare 

[A] =2 mol l- 

[B] = 4 mol /-+ 

[C] = 10 mol /-+ 

[D] = 8 mol /-1 

AG” for the reaction at 27°C is (R = 2 cal moli K-1) 

(a) — 600 cal (b) — 1382 cal 

(c) = 691 cal (d) 1160 cat 

8.52 Bight moles ofa gas ABs are introduced into 
container in which it dissociates as 
2AB3(g) = A:(g) + 3Ba(g) 
uilibrium, 2 f ilibri 

D en ia mol of A.(g) are present. The equilibrium constant Ke is 
(b) 36 mol? 1-2 
(c) 3 mol? /-2 
(d) 27 mol? /-2 


a previously evacuated 1 dm? 
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8.53 K, for the reaction 
CO(g) + Cla(g)=COCI2(8) 
at 373 K is 4.0 x 10° dm? mol-!. The X; for the reaction 
COCI:(g) = CO(g) + Cl:(g) 
at 373 K will be 
(a) 2.5 x 107° mol dm~? 
(b) 2.5 x 10-1° mol dm~? 
l): 2s x 10-22 mol~? dm? 
(d) 2.5 x 1078 mol! dm? 
8.54 K. for the reaction 
Na(g) + O(g) = 2NO(8) 
at 300 K is 4.0 x 10-8. K, for the above reaction will be (R = 2 cal mol~* K=1) 
(a) 2.4 x 10-3 
(b) 4 x 1076 
(c) 4 x 10-8 (RT)? 
(d) 16 x 1071 
8.55 For the reaction 
N:04(g) = 2NO.(8) 
the concentrations of the equilibrium mixture at 27°C are 
[N04] = 4.8 x 10-7? mol /-1 
[NO] = 1.2 x 10-7? mol pa 
K. for the reaction is 
(a) 0.25 
(b) 3 x 10-71 mol /-* 
(c) 3 x 10° mol ai 
(d) 3 x 107 mol /-? 
8.56 In the two gaseous equilibria (i) and (ii), at a certain temperature, 
G) $O.(g) + 40:(g) = SO(8) -Kı 
(ii) 2S0ə(g) = 2S0-(8) + O(g) Ka 
If K, is 4 x 107° then K: will be 
(a) 8 x'10-? 
(b) 16 x 1076 
(c) 6.25 x 108 
(d) 6.25 x108 
8.57 Initially, 0.8 mol of PCls and 0.2 mol of PCI; are mixed in a one-litre vessel. 
At equilibrium, 0.4 mol of PCl, is present. The value of K. for the reaction 
PCls(g) = PCla(g) + Cla(s) 
would be 
(a) 0.05 mol 17> 
(b) 0.13 mol /-? 
(c) 0.013 mol 1-1 
(d) 0.66 mol /-* 
8.58 In an equilibrium mixture for the reaction 


CO + 2H; + CHOH 
at 427°C the partial pressures of CH,OH, CO and Hare 2, 1 and 0.1 atm res- 
pectively. X, for the decomposition of methanol to CO and H3 is 
(a) 200 atm~? (6) 20.atm-2 
(c) 5X 10-8 atm? (d) 50 atm? 
8.59 When 3 mol of ethyl alcohol are mixed with 3 mol of acetic acid, 2 mol of 
ester are formed at equilibrium according to the equation 
CH,;COOH(!) + C;H,OH() + CHsCOOC;H,(1) + W201) 
alue of the equilibrium constant for the reaction is 
ar 4 b) 2/9 (c) 2 (a) 4/9 
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8.60 AG? for a reaction is 46.06 kcal. K, for the reaction at 27°C is 
(a) 33.3 (b) 10-23-3 
(c) 0.2 x 10-10 (d) 3.33 x 10-2 


Type C: True or False 


8.61 The rate of the reverse reaction becomes more than the forward reaction after 
attaining the state of equilibrium. 


8.62 The equilibrium constant for the reaction between Ha and I; is independent 
of pressure. 

8.63 A catalyst does not disturb the equilibrium. z : 

8.64 The value of the equilibrium constant is not affected by the direction from 
which equilibrium is attained. 

8.65 At equilibrium, AG must be negative. ; 

8.66 For the reaction 250: + O2 & 2SOs the numerical value 

8.67 The reaction |N2(g) + O2(g) = 2NO(g); AH = +43 ke 
Crease of temperature as well as pressure. 

8.68 The effect of introduction of an in 
increase in total pressure, 

8.69 At equilibrium, the rate of the 
backward reaction is not zero. 

8.70 Increase in pressure has no effect on the reaction 2NO(g) + O 

Type D: Fill in the Blanks 
Consider the reaction 


2HaS(8) + 302(g) = 2H20(g) + 2S80.(2) aH? = 
State the effect (increase, decrease, no change) that the s 
have on the original equilibrium value of the quantity give 


of K, is equal to K.. 
al, is favoured by in- 


ert gas in the reaction vessel is similar to an 


forward reaction becomes zero while rate of the 


2(g) = 2NO,(g). 


Pecified change will 
n in column (2). 


U) Change - (2) Equilibrium value (3) Effect 
8.71 Increasing pressure Moles of so, me) 
8.72 Increasing Pressure Moles of O, a a 
8.73 Increasing temperature Moles of SO; —_-_-— 
8.74 Decreasing temperature Moles of H,S _-_ 
8.75 Adding inert gas Moles of H,O —— 
8.76 Adding catalyst Magnitude of K — 
8.77 Increasing volume Moles of H,O = 
8.78 Decreasing temperature Magnitude of K — 
8.79 Removing water (condensation) Mcles of SO, isa 
8.80 Adding H:S Moles of O, <a. s 
A WERS 


ical Problems 

ra in, 2.8 x 10-? 8.2 K. = 0.4 mol I, K, = 20.43 atm 8.3 (a) 2.494 x 
103 J mol~1 (b) 4.0 x 10-4 J-i mol (c) 1 8.4 Ci) 3 (ii) —3.407 kJ (iii) 3.3 mol 
8.5 (a) 5.07 x 10? (b) 6.55 (c) 1.55 x 1019 8.6 (a) K, = 7.108 (b) K, = 2.67 
(c) K, =,0.14 (d) Ky = (K,)1!2; K. = 1/K, 8.7 (a) p(N2O,) = 9.43 atm, p(NO;) 
= 1.14.atm (b) 1160.3 cal (c) 0 (d) 0.014 88° (a) 148.05 (6) 2.50 KO 1480 
89 (a) 3.30atm (b) —756.6 cal 8.10 20% 8.11 1.3x10-2, 10.8k3 8.12 (a) 0.19 
(b) 19.1% 8.13 2.13x10-* 8.14 0.0256 8.15 42.6% 8.16 236.3 va 8.17 Beers 
8.18 0.68%, 0.477 mm 8.19 1.01x 10-5 8.20 (a) 36.94 x 108 cal mol-} (b) Brigit 
calmolt 8.21 26.91 8.22 19.5 kcal 8.23 85% 8.24 (a) 198.6 (b) 0.27 
8.25 (a) 3.7 x 10-35 (b) 1.86 x 10-3 


| 
| 
] 
| 
| 
| 
| 
| 
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Quiz Questions 


[NO], [NO]! [03] 1 
8.26 (© 8.27 @ 8.28 D 829 (0) K= Noor & INO. = Er 
830 (b) 8.31 (d) 8.32 (c) 8.33 (a) 8.34 (a) 8.35 (c) 8.36 (d) 8.37 (b) 


It can be shown that K, = pes If x is small in comparison to 1 so that 1—x*=1 
and K, = x*p or x° al/porxa/ijp 8.38 (c) 8.39 (b) 8.40 (a) 8.41 (d) 8.42 (©) 
8.43 (d) 8.44 (b) 8.45 (c) 846 (c) At equilibrium [A] = [B] = 4—2 and 
[C] = [D] = 2sothatK=1 8.47 (c) AG? = — 2.303 RT log K = —2.303x8x8x 


125xlog 10? = 4.606 KJ 8.48 (a) 8.49 (c): K, = 635 = GO" = 16 atm 


3 (10.0) x (8.0) us a 
8.50 (d) 8.51 (b): K C0) x 4.0) 10, AG 2.303 x2 x 300x log 10=1.38 


S era 1 = - 
keal 8.52 (d) 8.53 (b) Equilibrium constant =g0xi0" = 2.5 x 1071? mo] /-1 


8.54 (b) 8.55 (d) 8.56 (c) 8.57 (b) 8.58 (c) 859 (d) 860 9 8.61 False: 
A reaction does not stop at equilibrium. Rather, equilibrium is dynamic 8.62 True 
8.63 True 8.64 True 8.65 False: At equilibrium AG = 0 8.66 True 8.67 False: 
Reaction is favoured by increase in temperature but pressure has no effect. 
8.68 False 8.69 False 8.70 False 8.71 increase 8.72 decrease 8.73 decrease 
8.74 decrease 8.75 increase 8.76 no effect 8.77 decrease 8.78 decrease 
8.79 increase 8.80 decrease. 


9 
Liquids and their Properties 


Liquids have definite volumes but not definite shapes, 


together but thermal forces are also | 
motion to the molecules. The natur 


liquid at the same temperature. 
The vapour pressure is a characteristic Property of a liquid at a 
given temperature. It does not depend upon the amount of the liquid 


or the vapour phase. The vapour pressure of a liquid increases ex- 
Ponentially with rise in temperature. 


The temperature at which the vapour pressure of 
Comes equal to the external Pressure (i.e. the atmospheric Pressure) is 
called the normal boiling point of the liquid. If the external pressure 
is large, the boiling point will be Correspondingly higher. 

The amount of heat required to convert one mole of the liquid 
into its vapour, at a given temperature, is called the enthalpy of vaporisa« 
tion of the liquid, The greater the attractive forces present in a liquid, 
the larger is the enthalpy of vaporisation, It can be estimated from the 
Clausius-Clapeyron equation, from Pressures pı and p, at temperatures 
Tı and T, as 4 


the liquid be- 


Po AHevap 1 a 1 1 
Pi 2.303R LT, Ta (9.1) 


T; T, P2 
or AHevap = 2.303 R T-T, | log Di . (9.2) 


Here, we assume that the gaseous phase behaves ideally, 


log 


Liquids and their Properties 175 


The boiling point (T;) is related to the heat of vaporisation (AHevap) 
and critical temperature (T.) by the approximate empirical relations: 


AHevan =~ 21 cal K~1 moli (Trouton’s rule) 
b 
ee © 85J Kmo! (SI Units) (9.3) 


It may be noted that Trouton’s rule is applicable only for un- 
associated liquids. 


T, at Te (Guldberg’s rule) (9.4) 


The vapour pressure of a liquid can be determined by either of the 
two methods, static or dynamic, 
EXAMPLE 9.1 The vapour pressures of water at 95°C and 100°C are 
634 and 760 mm of Hg, respectively. Calculate the mean enthalpy of 
vaporisation between 95°C and 100°C. 


Solution The enthalpy of vaporisation 


T; Ts 2 
AHevap = 2.303 R (#2) log 2i 


Tı = 273+95 = 368 K, T = 273+100 = 373 K 
Pi = 634 mm of Hg, P = 760 mm of Hg 


= 368 x 373 760 
AHevap = 2.303 X 1.98 (35733) log 634 


= 9.85 kcal mol? 


EXAMPLE 9.2 Vapour pressure of benzene at 20°C is 75.6 torr. 
Calculate the vapour pressure at 30°C. The enthalpy of vaporisation of 
benzene = 7.353 kcal mol™. 


Solution 


Pe _ AHevapf{_1 _ 1. 
log 8308 0 ( Tı x) 
pı = 75.6 torr, T, = 273+20 = 293 K, 
Ta = 273+30 = 303 K 
AHevap = 7:353 kcal mol 
P2 7.353Xx 10° /303—293 
lo8 75.6 ~ 1.98x2.303 o) 
= 0.1816 
Pav 
or 667 1.5191 
Pa = 114.8 torr 


9.2 SURFACE TENSION 


A molecule in the bulkof a liquid is surrounded by more molecules 
than one on the surface. As a consequence, the free energy of a 
molecule is more on the surface than in the bulk. This is why work has 
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to be done when a molecule is brought from the bulk to the surface 
phase in a liquid. Alternatively, we may say that the liquid surface is 
under tension due to unbalanced forces. Whenever we want to stretch 
the surface, work has to be done against this tension, which is called the 
surface tension. If it is an interface between two bulk liquids, it is 
called interfacial tension. Surface tension, may be defined as the force 
per unit length acting perpendicular to the tangential line on the surface. 

The units of surface tension are force per unit length, i.e. dyn cm™ 
(in SI units, newton per metre, N m™”) and is usually denoted by Y. 

The work done in increasing the surface area by one unit area is 
called surface free energy and has the units erg cm~? (in SI units, joule 
per square metre, J m~?) 

Surface tension or surface energy is due to the intermolecular 
interactions between molecules, and therefore liquids with stronger 
intermolecular forces will have large surface tensions. The surface 
tension of liquids decrease with increase of temperature. Among the 


empirical relations of temperature dependence of surface tension, the 
important one is the Evotos relation 


y= (2y" K (Te—T) (9.5) 


where K is a constant and Y becomes zero at T = Te. 
The commonly used methods for 
tension are: 


The Capillary Rise Method 


the determination of surface 


If a capillary tube is placed ina liquid which wets its surface, then 
the liquid rises in the capillary. The height to which the liquid’ Tises 
depends on the surface tension of the liquid and the radius of the 
capillary. From the height (4) and radius of the capillary (r), y can be 
calculated as 

Y=theg (9.6) 
where p is density and g is the acceleration due to gravity. 

If the liquid does not wet the glass and @ is the angle of contact 
between the liquid and the capillary, then 
— rheg - E 

Y = Scos 6 í (9.7) 

The Drop Weight or Drop Number Method 


This method is based upon the principle that a drop falling from a tube 
or a capillary has two types of forces acting on it; the surface tension 
force acting upward and the gravitational force acting downward. If 
two liquids have surface tensions y1 and ya and drop weights are m, and 


Ma, then 


ae, 9.8) 


ss $ 
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If we count the number of drops from the same volume, then 
PI Pile 
Ye P2 nı (9.9) 
where 7 and n, are the number of drops for the liquids whose densities 
are pı and px respectively. 
Du Nouy’s tensiometer 


This is a comnercial method in which tension oa the dial of §the 
torsion head, which is directly proportional to the surface tension of 
the liquid is measured. If 7; and Tare the tensions for two liquids 
whose surface tensions are Yı and Ya, then 

Ki Tı 


= (9.10) 


Surface Active Agents 


There are many substances which, when dissolved in a liquid, lower its 
surface tension. Such substances are called surface active agents. 
Lowering of surface tension is due to the adsorption of the molecules of 
the surface active substance on the surface of the liquid. For example, 
alcohols, fatty acids and amines lower the surface tension of water. 


Interfacial Tension 


If two immiscible or partially miscible liquids are taken in a vessel, 
the force acting per unit length perpendicular to the imaginary 
line in the interface is called the interfacial tension. For liquids which 
do not interact very strongly, the interfacial tension is nearly equal to 
the difference in their surface tensions. 


9.3 SURFACE TENSION AND CHEMICAL CONSTITUTION 
Surface tension is related to density by the Macleod relationship: 


y1 Cc 011) 
=e, 5 
where p is the density of the liquid, ọ' is the density of the saturated 
vapours of the liquid at the same temperature and C is a constant. 
My!'* 


c NER parachor (P) (9.12) 
At ordinary temperatures, e’ is very small in comparison to p so that 
My? ta 
eo 
or yyt = P (9.13) 


Thus, parachor is the molecular volume of the liquid at a tempera- 
ture at which its surface tension is unity. Parachor is an additive pro- 
perty and has been useful in deciding between different alternative 
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structures of compounds. However, with the availability of a number 
of modern structure-determining methods, its use is limited. 


EXAMPLE 9.3 In an experiment at 20°C, water Tose in a capillary of 
diameter 0.076 cm to a height of 3.92 cm. Calculate the surface ten- 
sion of water if the density of water at this temperature is 0.998 g cm™ 
and g = 981 cms~2. 
Solution The surface tension 

y=trhog (Assuming 9 = 0) 

r = 0.076/2 = 0.038 cm, h = 3.92 cm, 

g = 981 cm s2, P = 0.998 g cm~ 

y = ż X (0.038 cm) x (3.92 cm) X (0.998 g cm-3) 
X (981 cm s~?) 
= 72.92 gs? = 72,92 dyn cm~: 

[1 dyn = 1 gems~] 

EXAMPLE 9.4 (SI Units) How high will w 
Tadius 2.0 x 10-i m at 293 K? (For wa 
& = 9.81 ms, p = 1.0 x 103 kg m=.) 
Solution 


ater rise in a capillary of 
ter y =72.75 x 10-3. N m7, 


r=2.0 x 10-'m, 
Y = 72.75 X 103 N m- 


h 


P = 1.0 X 103 kg m= 
& = 9.81.m s72 
“Gre 2 X (72.75 X 10N m“) 

0 X 10-4 m) x (1.0 x 103 kg m) x (9.81 m s~ 
= 0.074 N s? kg- 1 N= 1 kg m s=] CED 
h = 0.074 m 


EXxampLe 9.5 Fifty drops cach, of water and ether, weigh 3.64 g and 
0.852 g, respectively. Determine the surface tension of ether if the 
surface tension of water is 72.75 dyn cm~ 


ea ee 
bf ma 


Solution 
Weight of one drop of water (m,) = 3.64 


Weight of one drop of ether (m,) = 9.852 
Yı = 72.75 dyn em-1 
=X m 
m 


(72.75 dyn cm™) x (2352 g 
eS E 


3.64 ) 
(S 8 


17.03 dyn cm~ 


Ya 


!) 
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EXAMPLE 9.6 (SI Units) The number of drops of water, counted ina 
drop-number method from a stalagmometer, is 100 whereas the number 
of drops for an organic liquid is 280. What is the surface tension 
of the organic liquid if the surface tension of water is 0.07275 N m=} 
and the densities of water and the organic liquid are 0.998 x 103 kg m=? 
and 0.755 X 10° kg m- respectively ? 


Solution ‘Yt. =: Ze 
Ye Ny p2 
Yı Mı P2 
(0) a 5 ĀM 
p ne Me Py 


yı = 0.07275 N m=, nı = 100, n = 280, 
pı = 0.998 X 10° kg m-3 
and P2 = 0.755 X 10° kg m~ 
(0.07275 N m=) x 100 X (0.755 X 10? kg m~’) 
280 x (0.998 x 10° kg m7) 
= 0.01966 N m+ 


va 


9.4 VISCOSITY 


Viscosity is the internal resistance to flow, in liquids, which one 
layer offers to another layer trying to pass over it. The force of 
friction required to maintain a constant difference of velocity (v) bet- 
ween two layers, each having area A cm? separated by a distance x, is 

fo na i F (9.14) 
where 7 is called the coefficient of viscosity. It may be defined as the 
tangential force per unit area required to maintain a unit velocity 
gradient. 

The units of the coefficient of viscosity or simply viscosity are poise 
(P), where 1 P = 1g cm~! s71 =] dyns cm~? (in SI units 1P =0.1 
N s m-?). The viscosity of a liquid decreases with increase in tem- 
perature. Arrhenius (1912) observed that viscosity depended on tem- 
perature according to the relation : 


AEyis/2T (9. 15) 
_ AEvis _ 


or logn =log A + 2303 RT (9.16) 


It can be seen that a graph between log n and 1/T should be a straight 
line with a slope B=AEy1s/2.303R where AFyis is the activation energy 
for the viscous flow. 

The flow of liquid through a capillary tube of length] and radius r 
can be derived from Poiseuille’s equation and expressed as 

ar’ Apt 
as 7 (9.17) 


7 = Ae 
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where V is the volume of liquid flowing in t seconds and p is the pres- 
sure difference maintained at the two ends of the tube. 


Viscosity can be measured with the help of a viscometer. Ostwald’s 
viscometer is generally used. It consists of a U tube with bulbs blown 
in each limb. A known volume of liquid is introduced in the viscometer 
within fixed marks. Itis then allowed to flow under its own weight 
(hydrostatic pressure) and time of flow is noted. The accurate measure- 
ment of 7 with Eq. (9.17) is difficult and, in practice, a relative method 
is used as 


m= a (9.18) 
N2 P2 fe 
m is calculated if the times of flow ñ and ta 


and densities p, and p2 for 
the two liquids are measured and nə is known 


For solutions, the ratio of the viscosity of the solution Cn) to that of 
the pure solvent (70) is called relative viscosity (,), i.e., 


Relative viscosity, 7, = al 
No 
The specific viscosity, 7,, is defined as 
Map = aya = Tt 


The value of »,,/C obtained b 
concentration is known as intrin 


[n] = Limit (,,/C) 
c+0 


y extrapolating the plot of n,p/C to zero 
sic viscosity, [7], i.e., 


9.5 VISCOSITY AND CHEMICAL CONSTITUTION 


Viscosity can help to predict whether the liquid is ass 


Ociated or not. 
Dunstan observed that for non-associated liquids 


MES A ee 
m7 X 10° = 40 to 70 (9.19) 
and for associated liquids the value is much higher than 70, 


EXAMPLE 9.7 The times of flow for the s 
carbon tetrachloride, through an Ostwald’s 
seconds, respectively. The densities of wat 
are 0.998 and 1.542 g cm™ respectively. What i 
of CCla if the value for water is 0.01002 P ? 


ame volume of water and 
viscometer, are 400 and 275 


Solution mm fA 
Ne te Po 


m= 0.01002P, 4 = 400 s, 


ty = 2755 
P1 = 0,998 g cm~? 


P2 = 1,542 g cm~? 
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Coefficient of viscosity for CCls 
nı X te X pa 

ti X fı 
(0.01002 P) X (275 s) X (1.542 g cm-?) 

(400 s) x (0.998 g cm~’) 
= 0.01064 P 

EXAMPLE 9.8 (SI Units) The viscosity of olive oil at 293K is * 
0.084 N s m=, and its density is 1.1 X 103 kg m—?. How long will it take to 
pass through a viscometer if water under the same conditions takes 30 s ? 
(viscosity of water = 0.00101 N s m~?, density = 0.998 x 103 kg m=). 


n= 


Solution 
Ti a aM 
Ne tz P2 


nı = 0.084 N s m-°, pı = 1.10 X 10° kgm 3, 4 =? 
ņa = 0.00101 N s m~™?, p = 0.998 X 10°kgm™ ft, = 30s 
Mı tape _ (0.084 N s m7) x (0.998 x 10°kg m=?) x (30s) 


a or (0.00101 N s m?) x (1.1 X 10° kg m°) 
=| 2263.7 s 
or = 37 min 43.7 s 


9.6 REFRACTIVE INDEX 


The refractive index of a medium is defined as the ratio of the speed of 
light in the medium to that in the vacuum i.e. refractive index 


_ velocity of light in medium (9.20) 
velocity of light in vacuum i 


It is more convenient to measure the refractive index with respect to air 
than with respect to vacuum. The refractive index of air at atmospheric 
pressure relative to vacuum is 1.00029. 


Snell’s Law 
If a beam of light enters from a less dense medium into a denser 
medium at an incident angle i and is refracted at an angler, then, 
according to Snell’s law, 

sinto om 


sinr Ng 


where ng is the refractive index of the less dense medium and n, is the 
refractive index of the denser medium. 


Refractive index is measured in the laboratory with a refractometer. 
Two common refractometers are: (i) Pulfrich refractometer and 
(ii) Abbe’s refractometer, 
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9.7 SPECIFIC REFRACTION OR MOLAR REFRACTION 


Attempts have been made to relate the chemical constitution of a sub- 


stance with its refractive index. Lorenz and Lorentz (1880) defined a 
new term, specific refraction R, as 


v—1\1 
= ne 9.21) 
R Gs =). ) p ¢ 
It has been found that s 
temperature. 
The molar refraction (cefractivity) is defined as 
M/n?—1 
en ain) (LCC 9.22. 
Rn p ( n+ 2 ) ( ) 
The molar refractivity is an additive and constitutional property and 
helps to decide the correct structure. 
EXAMPLE 9.9 The refractive i 
its density is 1.595 gem 
Solution Molar refraction, 
A ASN IE 
Bos ( m+ 2 \ ie 


1.4573, p= 1.595 gcm, M= 154 g mol 
TEEGEE 
"~~ 1.595 LAF 2 


= 26.31 cm? mol`: 


pecific refraction is almost independent of 


ndex of carbon tetrachloride is 1.4573 and 
Calculate its molar refraction. 


n 


ll 


9.8 OPTICAL ROTATION 


The electric field associated with a light beam vibrate in all planes at 
right angles to the direction of Propagation. However, when it is 


passed through a Nicol prism, its vibrations are Testricted to one plane 
only. Such a light beam is called Plane polarised light, 

The substances which can rotate the plane of the polarised light are 
called optically active substances, If the plane is rotated to the right, the 
substance is called dextrorotatory and if it is rotated to the left, it is 
called /evorotatory, 

For solutions the rotation of the plane of polarised light depends 
upon the length of the liquid column through which the light is allowed 
to pass, its concentration and nature. It is expressed by 

R= [aj Mt 
AV 
where / is the length in decimetres, 
active substance dissolved in volume V, a 
of the substance 


(9.23) 
m is the weight of the optically 
nd [oly is the specific rotation 


Pon the temperature and wavelength 
s of the substance, It may be. defined 
rotation of the plane polarised light when it passes 


which depends u 


esides the nature 
as the angle of 
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through 1 dm ofa solution containing 1 g of substance per cm? of the 
solution. If the optically active substance itself is a liquid and is used 
as such, then M/V is equal to density, and we have 
T R 
[e]; = We (9.24) 
The optical activity is measured with an instrument called a polarimeter. 


9.9 OPTICAL ACTIVITY AND CHEMICAL CONSTITUTION 


Optical activity is purely a constitutive property, i.e. it depends upon 
the arrangement of atoms within the molecule. It has been found that 
compounds which are optically active contain at least one carbon atom 
to which four different atoms or groups are attached. - Such a carbon 
atom is called an asymmetric carbon atom. For example, lactic acid, 

ii 

CH;——C*——COOH 

ou 
has one asymmetric carbon atom (C*). 

A general criterion of an optically active substance is that its mirror 
image cannot be superimposed on the original molecule. The optical 
activity can be used to test the presence of asymmetry in the molecule. 
ExAMPLE 9.10 A solution of a certain optically active substance in 
water, containing 4.2 g in 25 ml, is introduced in a 20 cm long polari- 
meter tube. It rotated polarised light by 6.2°. Calculate the specific 
rotation. 


Solution 
T SRI 
id, = Im 
R= 6.2%, V = 25 mi, m = 4.2 g, l = 20cm = 2 dm 
7 62X25 _ i 
[a] =A T 18.45 


MISCELLANEOUS: EXAMPLES 


EXAMPLE 9.11 The-vapour pressure of chloromethane is given by the 
relation 


log p (mm) = 7.482 — -1150.0 (i) 


Calculate (a) the normal boiling point 
(b) the enthalpy of vaporisation per gram. 


Solution (a) The normal boiling point is the temperature at which the 
vapour pressure of the liquid becomes equal to atmospheric pressure, 


i.e. 760 mm Hg. 
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1150.0 
log p = 7.482 aa Tee! 


1150.0 
log 760 = 7.482 — 300 


o a = 7.482 — log 760 = 4.6012 


nie T = 249.9 K = — Dale 
(b) Comparing Eq. (i) with Clausius-Clapeyron equation of the form 
log p = constant — —AUevan_ 


2.303 RT 
1150 
and log p = 7.482 — TA 
AHevap 23 
2.303R 1150 


AHevap = 1150 X 2,303 X 1.98 = 5243.9 cal mol: 
M(CH;CI) = 50.5 
5243.9 


AHevap = 30.5 - = 103.8 cal g 


EXAMPLE 9.12 An organic liquid rises to 1 cm in a capillary tube of 
radius r. How much will it rise if the cross-sectional area of the capil- 
lary tube is (i) doubled and (ii) reduced to half ? 
Solution The cross-sectional area of the capillary tube = mr2 

If cross-sectional area of one Capillary is a,, then 


Qo? 
or n= |“ 
m 


For the second capillary, 
a = 2a, = Trè 


or T = 2a 
T 


Now y=tghroe 
i.e. for the same liquid 


at Say vat 
hy os Pe 
If hı = 1 cm 
h _ Vala 
P es 


1 
ae el = 070 
ada V7 7 cm 
(ii) If cross-sectional area is reduced to half, then 


a 
43> S = or, 


ee 
or rs = J “ 
Now, be un 
hı rg 
If hy =1em. 
_W a|r 
ha == 


Jae = V2 = 1.414cem 
1 
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EXAMPLE 9.13 A glass capillary of diameter 0.10 cm is dipped into 
(a) water and (b) mercury. Calculate the level of the liquid in the 
capillary in each case from the following data: 
Surface tension of water = 72.75 dyn cm™}, Density = 0.9984 g cm™ 
Surface tension of mercury = 480 dyn cm™, Density = 13.6 g cm™® 
Contact angle for water = 10°, and for mercury = 140°. 
Solution Surface tension, 
_ rheg 
~ 2cos 6 
he 2y cos 0 
reg 
(a) For water, r = 0.10/2 = 0.05 cm. p = 0.9984 g cm™3 
g = 980.6 cm s™? y = 72.75 dyn cm™ 
0 = 10°, cos 10° = 0.9848 
A 2X (72.75 dyn cm~!) x (0.9848) 
(0.05 cm) x (0.9984 g cm™?) x (980.6 cm s~?) 
= 2.93 cm 
Water rises to a height of 2.93 cm 
(b) For mercury, r = 0.05 cm, ep = 13.6 g cm™?, g = 980.6 cms, 
y = 480 dyn cm™, @ = 140°, cos 140° = —0.7660 
h 2x (480 dyn cm™1) x (—0.7660) J 
(0.05 cm) X (13.6 g cm~*) X (980.6 cm s~2) 
Mercury depresses by 1.10 cm 
EXAMPLE 9.14 The density of hexane at 25°C is 0.6874 g cm™?. Calcu- 
late the surface tension of hexane if the parachors of ethaneand propane 
are 110.5 and 150.8, respectively. 
Solution The parachor values 
[Plosu, = 110.5,  LPle,y, = 150.3 
[Plcu, = [P]cH, —[Ple,u, = 150.8—110.5 
= 40.3 
[Plou:, = elen 43 Plog 
= 150.8 + 3 X 40.3 = 271.7 
Molecular weight of hexane (M) = 86 
Surface tension is related to parachor as 
My'!4 


or 


—1.10 cm 


ija PJSP 
or YS FON 


P=271.1, M= 86, p = 0.6874 g cm™? 
__ 271.7X0.6874 
a ee 
271.7 X0.6874\¢ 
or y= Ms 
= 22.01 dyn em™ 
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EXAMPLE 9.15: The coefficient of viscosity for benzene at various tem- 
peratures are given below: 
1(°C) . 0 20 40 60 80 
n(P) 0.00912 0.00652 0.00503 0.00392 0.00329 
(a) Calculate the activation energy for viscous flow. 
(b) Calculate the Viscosity at 30°C. 
Solution 


(a) The coefficient of viscosity varies with temperature as 
log n = A+B/T 
where Aand B are constants. 


Value of B can be calculated as slope 
of log 7 versus 1/T as 


T(K) 273 293 313 333 353 
1/T 3.663 107" 3.41x10-3 3.20 10-8 3,00x10-3 2.83x10-3 
a 0.00912 0.00652 0.00503 0,00392 0.00329 
logn  —2.04 —2.186 —2.298  —2.407 —2.483 
-2.l 
-2.4 
logn 
Mee 
-20 
1 Seg 
-1.8 
-2:8; -30, -32 -3.4 -36 -38 
3,4 
x10 K! 


Fig. 9.1 Graph of log avs 1/T x 108, 


The plot of log 7 and 1/T (Fi 
cf, AEvis = 2,303 R B 
2.303 X (8.314 J K=} mol-) x (0,514 x 10° K) 
= 9.84 kJ mol"! 


(b) The value of A can bec 
calculate at 20°C, log 


£. 9.1) gives slope B = 0.514103 K 


ll 


alculated at any temperature, 
= —2 186, B = 0.514 103, T = 293 K 

B 3 
4= logy —2 = 2,136—918%10 


Let us 


= —3.940 
7 at 30°C can be calculated as 


log n= A+ 2 = — 3.94049 514% 10" 
Seige 2.215 
n = 6.093 10-9 = 0.006093 P, ' 
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QUESTIONS 


Numerical Problems 


91 
9.2 


9.3 


9.4 


9.5 


9.6 


9.7 


| 9.8 


9.9 


9.10 


9.11 


9.12 


9.13 


9.14 


9.15 


The vapour pressures of a substance at 300 K and 310 K are 90 and 110 mm Hg, 
respectively. What is its enthalpy of yaporisation ? 
A liquid boils at 73°C at 1 atm. What will be its boiling point under a pressure 
of 700 mm Hg if its enthalpy of vaporisation is 9 kcal mol7! ? 
The vapour pressure of water at 90°C is 526 mm Hg and the mean enthalpy of 
yaporisation between 90° and 110°C is 542 cal g-!. Calculate the vapour pres- 
sure of water at 110°C. 
(SI Units) The surface tension of water at 293 K is 72.75x1 
high will water rise in a capillary of diameter 0.01 cm ? 
Mercury ina capillary tube of diameter 0.08 cm suffers a depression of 14mm. 
Calculate the surface tension of mercury if the angle of contact of mercury is 
140° and density is 13.6 g cm™° (g = 980.6 cm s™*). 
(SI Units) The surface tension of toluene at 323 K is 88%.of its value at 293 K. 
If the capillary rise is 1.2 cm at 293 K, what is the rise in capillary at 323 K 
in the same capillary assuming expansion of glass to be negligible ? 
The surface tension of a liquid at 27°C is 27.1dyn cm=* and its density at 
this temperature is 0.9880 gcm~*, What is the radius of the largest capillary 
that will allow the liquid to rise 2,0 cm (assume the angle of contact to be 
zero and g = 981 cm s~?) ? 
(SI Units) The surface tension of water at 293 K is 72.75x10-* Nm 1 and of 
ethanol is 22.3x10- N m=}, at the same temperature. How much less, in the 
same capillary, will alcohol rise in comparison to water? Density of ethanol 
= 0.9614 x 108 kg m~? and density of water = 0.9982 x10 kg m~’. 
The tensions in the du Nouy tensiometer for two liquids A and B, are 26 and 37 
respectively, What will be the surface tension of B if the value for A is 
26.5 dyn cm~! ? 3 
The density of acetone at 20°C is 0.7910 g mi-?. Calculate the surface tension 
of acetone given that the parachor equivalent of C,H, O and the double bond 
are 7.2, 16.2, 20.0 and 23.2, respectively. 
The number of drops of water counted in a stalagmometer at 25°C is 300 
whereas the number of drops for ethanol is 314. Calculate the surface tension 
of ethanol given that the density of water = 0.9980 g cm~’, density of- ethanol 
= 0.9614 g cm~? and surface tension of water = 72.75 dyn cm7}. 
In an experiment with Poiseuille’s apparatus, the following data were 
obtained: 

Volume of liquid flowing per min = 20 ce 


0-3 N m-t. How 


Length of tube = 25 cm 
Radius of tube =] mm 
Pressure difference maintained = 73.5x10° dyn cm ° 


Calculate the coefficient of viscosity. 

In a measurement of viscosity with the Ostwald viscometer, water takes 580 s 
to flow through a given volume, while an organic liguid takes 395s. Calculate 
the viscosity of organic liquid. Densities of organic liquid and water are 
0.7867 and 0.9984 g cm~’, respectively. Viscosity of water is 1.01 cP. 

Compare the time of flow of the same volume of 20% wt sucrose solution 
(density = 1.0794 x 108 kg -3 and n = 1.695 cP) and 30% wt sucrose solution 
(density = 1.1252 10° ke m™® and 4 = 2.735 cP). 

What is the volume of aliquid that will flow in 20 min through a capillary 
20 cm long and of 1 mm diameter? The viscosity of the liquid is 0.10 poise 
and the pressure difference at the two ends of the capillary is 2 atm. 
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9.16 The coefficient of viscosity for C:H;OH at various temperatures are given 


below: 

t(°C) 0 20 40 60 
x 102(P) 1,773 1.200 0.834 0.592 
(a) Calculate the activation energy for viscous flow. 


(b) Calculate the viscosity at 30°C, 
The following data are given at 20°C: 
Density of water = 0.9983 g cm-3, Viscosity of water = 1.0087 cP 
Density of acetone — 0.7910 g cm-3, Viscosity of acetone = 0.3290 cP 
Which of the two liquids is associated ? n 
9.18 (SI Units) How long will a machine oil take to pass through a viscometer if 
water under same conditions takes 1 min ? 
Density of water = 1.0 108 kg m-3 
Density of oi] = 0,97 x 103 kg m-3, 
9.19 A substance having the molecular formula C;H,O may be allyl alcohol 
(CH, = CH-—CH:O8) or acetone (CH;COCH 
i Olar refractivity of the compound is 15.998 cm? 


that refractivities for C = 2.418, H = 1.100, O (carbonyl) = 2,211, O (hydroxyl) 
= 1.525 and C = C bond = 1.733. 


9.20 The molar refraction for a liquid is 12.95 cms mol-? and its density is 1,046 g 
cm=*, Calculate the refractive index (mol, mass of liquid is 60), 

9.21 The refractive index of a liquid at 25°C is 1.5 and its density is 0,87 g cm™?. 
Find the molar refraction, 

9.22 Calculate the specific rotation of plane polarised so 
through an aqueous solution of lactose (13 g per 100 
gives a rotation of 7.25°, 

923 Calculate the optical ro 


9.17 


1 = 0.00101 N s m-2 
1 = 0.060 N s m=? 


dium D light when it passes 
ml) in a 10 cm cell and 


9.24 Water rose in a capillary to a height of 4.8 cm at 25° 
25°C is 0.9984 &cm-*. The same capillary, when file 
40.5 mg/cm of the capillary, Calculate the surface t 
mercury = 13.6 g cm~? and g = 980.6 g s~2) 
9.25 Normal hexane boils at 68°C, 


its vapour pressure at 25°C: 
QUIZ QUESTIONS 


Type A: Multiple Choice 


9.26 The vapour Pressure of a liquid 
(a) always increases with temperature 
(b) always decreases with temperature 
(c) is independent of temperature 
(d) increases only up to the boiling point 
9.27 Liquids diffuse slowly as compared to gases because 
(a) liquids have no fixed shape 
(b) the molecules of liquids are heavy 
(c) the mean free path of the molecules of liquids is very short 


(d) the molecules are held together by strong intermolecul 
9.28 With rise in tempe. 


1 rature surface tension of a liguid 
(3) increases 

(b) decreases 

(c) remains constant 

(d) increases only up to 100°C 


Assuming that it obeys Trouton’s rule, estimate 


ar forces 
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9.29 When evaporation and condensation rates become equal in a close, bottle con- 
taining a liquid, 
(a) cooling will be caused 
(b) the state is called the critical state 
(c) the amounts of the substance in the liquid and vapour states become 
constant 
(d) the amounts of the substance in the liquid and vapour states become equal 
9.30 The Trouton rule may be expressed as 


(a) PEON = 21 cal K~ mol-1 
bolling 


(b) Thoning = 2/3 Tertttcar 
o we 


(d) n= A eAFIRT 
9.31 The units of surface tension in the SI system are 
(a) dynes per cm 
(b) N m~ 
(c) N m? 
(d) p 
9.32 The rise of a liquid in a capillary tube is due to 
(a) osmosis 
(b) surface tension 
(c) viscosity 
(d) difusion 
9.33 The units of surface energy in CGS system are 
(a) dyn/cm? 
(b) erg/cm? 
(c) cal 
(d) cal/deg 
9.34 In the drop-number method, if we take two liquids whose surface tensions are 
Yı and Ya, number of drops m, and ns, and densities pi and ps, then 


= Parachor 


(Os 


Ys pila 
Oe ea 
O m 
O 


9.35 In the du Nouy tensiometer, if T, and Ts are the tensions dn the dial of the 
torsion head for two liquids whose surface tensions are yı and ys, then, from 
the known value of yı, Yə can be calculated as 


(a) Ya = - x yı 
(b) Ys = Yı (Ta — Ti) 
(c) y:= T x yı 
T: 
(d) ya = yı (1- A 
9.36 In the CGS system, the units of coefficient of viscosity are 
(a) erg cm~: 
(b) dyn cm~? 
(c) poise cm~? 
(d) dyn s cm~? 
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9.37 If pis the density of the liquid and p’ is the density of the vapour at the same 
temperature, then the parachor [P] may be expressed as 


@) e= -2 
— My 
(b) [P] = =e 
a: My?!? 
(c) [P] oy are 
tjs 
C (Gap 


9.38 The internal resistance to flow possessed by a liquid is called its 
(a) interfacial tension 
(b) fluidity 
(c) viscosity 
(d) surface tension 
9,39 The force of friction ( f ) between two cylindrical layers each of area a cm?, 
separated by / cm and having a velocity difference of y cm s“1, is given by 


(a) f=navl 
s= > 
ty 
© fant ~ 
f= Z 


9.40 With increase in temperature, the fluidity of liquids 
(a) increases 
(b) decreases 
(c) remains constant 
(d) may increase or decrease 

9.41 If n; and ya are the coefficients of viscosity of two liquids 
densities and ¢, and f, the flow times in Ostwald viscometer, then 
(@) the bale 


pı and pa their 


na patı 

m Pata 
b) a Pta 
(b) Ta Piby 

11 Pity 
c) —t= OL 
() na Pata 


t 

d) a es Pak, 

K Na Pita 

9.42 If% and m are the coefficients of viscosity of a solution and the pure solvent, 
then specific viscosity may be expressed as 


(a) a/m (b) = 
o 
No — 1 ntn 

E am oe 


9.43 The refractive index of a medium is defined as 
(a) velocity of light in vacuum /velocity of light in medium 
(b) velocity of light in medium/velocity of light in air 
(c) velocity of light in medium — velocity of light in vacuum 
(d) velocity of light in medium/velocity of light in vacuum 
9.44 If n and p are the refractive index and density of the liquid and M molar mass, 
then molar refraction is defined as 


= Min 
@ he = Gr 


9.45 


9.46 


9.47 


9.48 


9.49 


9.50 
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M/W 
oR = S555 


1 Myer al 
() Rn ae eee 
1 


Sa nm — 1 y 

(I) Re = uo) 
The rotation of plane polarised light when it passes through 1 dm of a solution 
containing 1 g of substance per cm? of the solution is called 
(a) specific refraction 
(b) specific rotation 
(c) molar refraction 
(d) rheochor 
If R is the rotation of plane polarized light when passed through a liquid 
column of density p, then specific rotation is equal to 
(a) Rx Ix p 
(b) R x Ip 

R 
O Tor a 
(a) Exe 
The molecule which is optically inactive due to internal compensation is called 
(a) an enantiomer 
(b) levorotatory 
(c) a meso compound 
(d) an enantiomorph 
Which of the following properties increase with the increase of temperature ? 
(a) vapour pressure 
(b) surface tension 
(c) viscosity 
(d) both surface tension and fluidity 
If a liquid of density p rises in a capillary of radius r cm toa height of h cm, 
and @ is the contact angle, then the surface tension of the liquid is 


(a) J rheg coso 


For associated liquids, the value of ava 7 X 10° should be (where p is density, 
M molar mass and » coefficient of viscosity), 

(a) zero 

(b) between 40 to 70 

(c) infinite 

(d) higher than 70 


Type B; Multiple Choice (Numerical Problems) 


9.51 Fifty drops of water and an organic liquid weigh 3.64 and'0.728 8, Tespectively. 


The surface tension of liquid is (surface tension of water = 72.8 dyn cm~?) 
(a) 364 dyn cm~} 

(b) 36.4 dyn cm~} 

(c) 1.456 dyn cm 

(d) 14.56 dyn cm~! 
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9.52 The number of drops of water and an organic liquid, in a drop-number method 

from a stalagmometer are 100 and 200, respectively. Calculate y for the 
organic liquid if y for H30=72.8 dyn cm, density of water is 1.00 g cm~? and 
density of organic liquid is 0.90 gem-3, 
(a) 131.04 dyn cm~: 
(b) 65.52 dyn em-1 
(c) 32.76 dyn cm-1 
(d) 72.8 dyn cm-? 

9.53 The heat of vaporization of b 
boiling point of benzene is 
(a) 77.1°C (b) 350.1°C 
(c) 201.6°C (d) 623.1°C 

9.54 The flow time for water (ep = 1gcem-s, 7 = 0.008 P) in the Ostwald viscometer 
is 240 s at 25°C. If 160s are required for the same volume of organic liquid X 
(p = 0.9 g cm~?) to flow, then » for the liquid is 
(a) 0.00148 P (b) 0.005170 P 
(c) 0.002585 P (d) 0.002980 P 

9.55 A liquid X rose in a capillary of diameter 0.02 cm to a height of 2cm. The 


surface tension of liquid is (density of liquid = 1.5 8 cm~? g = 980 cm s72) 
(a) 19.6 dyn em-1 


(b) 39.2 dyn cm-1 
(c) 29.4 dyn cm-1 
(d) 14.7 dyn cm-1 
9.56 A solution of an optically a 


enzene is 7353 cal mol-!. The approximate 


Ctive substance, Containing 2.5 g in 25 ml, is placed 
in a 10 cm long polarimeter cell. What will be the Specific rotation if the angle 
of rotation is 5°, 

(a) 50° (b) 25° 
(c) 125° (d) 75° 


9.57 The parachor values for hexane and h 


eptane are 270.1 and 309.3, 
The parachor for the —CH; group is 


Tespectively. 


(a) 39.2 (b) 6.5 
(c) 78.4 (9) 5.6 
9.58 The parachor values for CioH22 and CH; are 424.2 and 39, respectively, The 
parachor for the hydrogen atom js 
(a) 463.2 (b) 39 
(c) 34.2 


(d) 17.1 

9.59 If the viscosity of a saturated Solution in water is 0.0100 P and that of pure 
water is 0,008 P, then the specific viscosity of the solution is 
(a) 0.002 (b) 0.018 


(c) 0.25 (d) 0.02 
9.60 The refractive index of an organic liquid (p = 1.25g cm? M = 65.0 g mol-}) 
at 25°C is 1.5. The molar 


refraction is 
(a) 20 cm? mo]-1 
(b) 25 cm? mol-1 
(c) 31.25 cm? mol-1 
(d) 52 cm? mol-1 


Type C: True or False 


9.61 The energy of molecul 

9.62 Due to surface tension 

9.63 Surface active 
dissolved, 


nea M S 


es is greater on the surface of the liquid than in the bulk. 
» liquids try to have the maximum surface, 


agents lower the surface tension of liquids in which they are 
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9.64 The liquids which rotate plane polarised light towards the right are called 
dextrorotatory. 

9.65 The surface tension of liquids become zero at the critical temperature. 

9.66 Surface tensions of liquids decrease while viscosities increase with increase in 
temperature, 

9.67 The compound which is optically inactive due to internal compensation is 
called a meso compound. 

9.68 The vapour pressure of a liquid depends upon the amount of liquid taken, 

9.69 The refractive index depends upon the wayelength of the light used, but 
independent of temperature. 


9.7) According to Dunstan’s rule, the value of a n X 10° is below 80 for associat- 


ed liquids. 


Type D: Fill in the Blanks 


9.71 The reciprocal of viscosity is called ———. 

9.72 —————— is obtained by multiplying the pecine refractivity by the molar 
mass. 

9.73 The molar volume of a liquid at a temperature at which the surface tension is 
unity is called——————. 

9.74 A liquid boils at a 
sea shore, 


temperature on top of a mountain than on the 


9.75 The value of obtained by extrapolating the plot of ca vs c to zero con- 
centration is called——————., 

9.76 Substances which lower the surface tension of water are called—————--—. 

9.77 Optically active compounds which rotate plane polarised light towards the right 


are called ——————, while those which rotate towards left are called ————., 
9.78 The specific rotation depends upon the temperature and. ———of light 
used, 


9.79 Refractive index is measured in the laboratory by——— x 
9.80 The viscosity of a liquid: ———with increase in temperature, 


ANSWERS 


Numerical Problems 

9.1 3696.8 cal mol-! 9.2 70.9°C 9.3 1068.5 9.4 29.7cm 9.5 487.5 9.6 1.06 cm 
9.7 0.028 cm 9.8 31.8% 9.9 18.6 9.10 23.83 9.1] 22.3 9.12 0.3465 9.13 0.542 cP 
9.14 time (20 wt%) = 0.65 time (30 wt%) 9.15 30.35dm?° 9.16 (a) 13.4 kJ 
(b) 1.00 x 10-3 9.17 water is associated 9.18 61.24 9.19 16.06 (acetone) 
9.20 1.369 9.21 26.37 9.22 55.8° 9.23 5.6° 9.24 72.44 9.25 164.5 mm. 


Quiz Questions 

9.26 (a) 9.27 (c) 9.28 (b) 9.29 (c) 9.30 (a) 9.31 (b) 9.32 (b) 9.33 (b) 9.34 (c) 
9.35 (c) 9.36 (d) 9.37 (b) 9.38 (c) 9.39 (c) 9.40 (a) 9.41 (c) 9.42 (b) 9.43 (d) 
9.44 (a) 9.45 (b) 9.46 (c) 9.47 (c) 9.48 (a) 9.49 (c) 9.50 (d) 9.51 (d) 9.52 (c) 
9.53 (a) 9.54 (a) 9.55 (c) 9.56 (a) 9.57 (a) 9.58 (d) 9.59 (c) 9.60 (a) 
9.61 True 9,62 False: Surfaces contract to have minimum surface 9.63 True 
9.64 True 9.65 True 9.66 False: Surface tension and viscosity decrease with 
increase of temperature 9.67 True 9.68 False 9.69 True 9.70 False: The value 
for associated liquids is always more than 80 9.77 fluidity 9.72 Molar refractiyity 
9.73 Parachor 9.74 lower 9.75 intrinsic yiscosity 9.76 Surface active agents 
9.77 dextrorotatory, leyorotatory 9.78 wavelength 9.79 refractometer 
9.80 Decreases 


10 
Solutions 


A solution is a homogeneous mixture of two or more pure substances. 
Its composition can be varied within certain limits. In a solution, the 
component present in a lesser quantity is usually termed the solute and 
the component present in the larger proportion is termed the solvent. 
The solute and solvent, of course, can interchange roles. There are nine 
types of solutions possible, depending upon the physical state of the 
solute and solvent, but three of these, solid in liquid, liquid in liquid and 
gas in liquid, solutions are common and familiar. 


10.1 METHODS OF EXPRESSING CONCENTRATIONS OF 
SOLUTIONS 


The concentration of a solution may be defi 
present in the given quantity of solution. 
of a solution for physico-chemical studies i 
one of the following ways: 


(a) Molarity (M) The number of moles of 
litre (1 dm?) of solution. 


(b) Normality (N) The number of gram equivalents of solute pre- 
sent in one litre (1 dm?) of solution. 


(c) Molality (m) The number of moles of solute present in 1000 gm 
(1 kg) of solvent, 


(d) Mole fraction (x) The ratio of the number of moles of one | 
component to the total number of moles of all components. 

In addition to the above 

also be expressed in t 

by volume or mole p! 


ned as the amount of solute 
However, the concentration 
S commonly expressed in any 


Solute present in one 


methods, the compositions of solutions can 
erms of percentage, i.e. per cent by weight, per cent 
er cent, These may be expressed as: 
Wt % solute — Weight of solute 

4 Weight of solution X100 
Vol% solute = Volume of solute _ 

Š Volume of solution * 100 
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Moles of solute 
0, 
Mole %solute= Total moles of solution N) 
EXAMPLE 10.1 (SI Units) Calculate the molarity and molality of a solu- 
tion containing 20.7 g of potassium carbonate dissolved in 0.5 dm? of the 
given solution (assume density of solution = 1.0 x 10° kg m™). 


Solution Calculation of molarity: 
Amount of K3;COs in 0.5 dm’ of a solution = 20.7 g 
Molar mass of KCO; = 138X 107% kg mol? 
20.7 1073 kg 
Moles of K,CO; = 138x10" kg mol! ~ 0.15 
Molarity = Moles of solute per dm? of solution 
_ OS Xie 
= Se 0.3 M 
Calculation of molality: 
Mass of solution = (0.5 X 1078 m?) x(1.0X 10° kg m7) 
= 0.5 kg = 500g 
Mass of water = 500—20.7 = 479.3 g = 479.3 x 1078 kg 
Molality = Moles of solute per kg of solvent 
3 05an 
= pazo n m 0313 m 
EXAMPLE 10.2 A solution containing 12.6 g oxalic acid (C:H:0, : 2H.0) 
per 5C0 ml had density 1.105 g mI™*. Calculate (i) wt% of oxalic acid, 
(ii) molarity, (iii) normality, (iv) molality and (v) mole fraction of 
oxalic acld. 


Solution (i) Wt % of oxalic acid: 
12.6 g of oxalic acid present in 50) ml solution 
Density of solution = 1,105 g ml“ 
Wt. of solution = (500 ml) x (1.105 g ml™!) = 552.5 g 


Wt. % hydrated oxalic acid = x100 = 2.28 


(ii) Molarity: 
Molecular weight of oxalic acid (C,H.O4-2H,O) = 126 
PLR SHADES. 
Moles of oxalic acid = 756 = 0.1 
Molarity = Moles of solute per litre of solution 


E OTETA 
= 500x10 ° 22M 


(iii) Normality: 


Equivalent weight of oxalic acid n6 = 63 
; : : 12.6 
Gram equiyalents of oxalic acid me 0.2 


Normality = gram equivalent of solute per litre of solution 
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0.2 
= S0DKMO AA 
(iv) Molality: 
Wt. of solution = 552.5 g 
Wt. of water present = 552.5 — 12.6 = 539.9 g 
Molality = g mol of solute per kg of solvent 
= {yl a 
=539.9x 103 0-185 m 
(v) Mole fraction of oxalic acid: 
Moles of oxalic acid = 0.1 
Moles of water = ee = 30 
Moles of oxalic acid 
Total moles of solution 


= 0.00033 


Mole fraction (x) = 


= 0h! 
0.1+30 
10.2 RAOULT’S LAW 


According to Raoult’s law the partial pressure of any volatile compo- 
nent of a solution at a given temperature is equal to ‘the vapour pressure 
of the pure component multiplied by its mole fraction. 

i.e., I EI (10.1) 
where p, is the vapour pressure of the component i over the solution, 


x, is its mole fraction, and p; is the vapour pressure of the pure compo- 
nent at the same temperature. 


In a binary solution containing x, and x 
Ponents having p? and p% vapour 
Partial vapour pressures pı and P2 are 

Pi = pix 

and Pa = P? Xa 

The total pressure above the solution is 
P = PitP2 = pi xtpl x) = (p2—p2) x+ p$ 

The activity of a component obeying Raoult’s law is equal to its 

mole fraction. 


a mole fractions of two com- 
pressures in their pure states, the 


10.3 IDEAL SOLUTIONS AND THERMODYNAMIC 
PROPERTIES OF SOLUTIONS 


Solutions in which the components obey Raoult’s law over the entire 
composition range are said to be ideal solutions. Foran ideal solution, 
the change in Gibbs free energy is given by 
AGmix = Gsolution T 
If the solution is formed by n 

of component 2, then 


Gpure components 
moles of component 1 and n, moles 
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AGmix = ™ RT In x+n, RT In X2 (10.2) 
From this, other thermodynamic properties can be obtained: 
SA 
Entropy of mixing, ASmix =, mx = —R[n, In xı+na ln xa] (10.3) 
are oô 
Enthalpy of mixing, AHmix = T°? Mla) =0 (10.4) 
ô 
Volume of mixing, AVmix = near) =0 (10.5) 


Equations (10,2) to (10.5) give the thermodynamic functions of mixing 
for solutions. From these, the changes per mole can also be calculated, 
e.g. Gibbs free energy of Tae per mole is in by 

AGmix 


mpn, = AG, mix) = aie —— RT ln xt — m+n RT lo x2 
= x, RT In xı+x, RT In Xs 
= RT [x; In x1+X2 In xa] (10.6) 
Similarly, AS, ¢mtx) = —R[x, In xı+ xə In xa] (10.7) 
AH, mix) a 0, AV mmia) = 0 (10.8) 


Thus, thermodynamically, ideal solutions are those in which there is 
no enthalpy or volume change upon mixing the components. 

Physically, this is possible only if molecules of the two components 
are of the same size and have exactly the same interactions as between 
molecules of each pure component. 


EXAMPLE 10.3 The vapour pressure of methyl alcohol at 25°C is 90 
torr. Its mole fraction in a solution with ethyl alcohol is 0.204. What 
is its vapour pressure if it obeys Raoult’s law ? 


Solution According to Raoult’s law, 
Pi = Pr x1 
Vap. pressure of pure methyl alcohol, pı? = 90 torr 
Mole fraction of methyl alcohol, x; = 0.204 
Vap. pressure of methyl alcohol in solution, 
pı = 90X0.204-= 18.36 torr. 
EXxAmMpLE“10:4-(SI Units). Calculate the vapour pressure over a solution 
containing 1 mol of benzene and 2.5 mol of toluene at 320K, if the 
vapour pressures of pure components at this temperature are 3.2 10¢ 
N m™? and 1.02X104 Nm’, respectively (assume solution obeying 
Raoult’s law). 


Solution Number of moles of benzene (nı) = 1 
Number of moles of toluene (72) = 2.5 
nı 


ion nzene, xı = ——— 
Mole fraction of be ONE retin 


Mole fraction of toluene, x, = 1425 = 0.71 
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Applying Raoult’s law, 
Die PKK 
where Pi? = 3.2 X 104 N m~? 
Pı = 3.2x 101 X0.29 = 0.928 x 104 Nm? 
P2 = Po XX 
where Po = 1.0210! N m~? 
P2 = 1.02108 0.71 = 0.724 104.N m~? 
Thus, total pressure P= pitp. 
= 0.928 X 10!+0.724 x 104 
= 1.652 10* N m=2 
EXAMPLE 10.5 The vapour pressures of 
50°C are 406.5 torr and 140 torr, respectively. Assuming a solution of 
these substances obeys Raoult’s Jaw, determine the composition of 


vapour in equilibrium with a solution containing 20 mol % of n-hexane 
at this temperature. 


Pure n-hexane and n-heptane at 


Solution 


Mole fraction of n-hexane, x, = 0.20 
Mole fraction of n-heptane, x, = 0.80 
Vapour pressutes at 30°C 
Pv = 406.5 torr, pa? = 140 torr 
Now, Pi = p° xı = 406.5x0,20 = 81.3 torr 
P2 = Px X, = 140X 0.80 = 112 torr 
Total pressure, P = Pipa = 81.34112: = 193.3 torr 
The composition of the vapour phase can be calculated as, 


Mole fraction of n-hexane, yes zi 

AES Ne 

= 793.3 T 0.42 
Mole fraction of n-heptane, y: = 1—y, 

= 1-0.42 = 0.58 


EXAMPLE 10.6 At 27°C, one mole of m-xylene is mixed with three moles 
of p-xylene to form an ideal solution. Calculate the Gibbs free energy, 
entropy and enthalpy of mixing per mole. 
Solution The'free energy of mixing per mole, 

AG mix) = RT [x1 In Xi +x. In xa] 
Number of moles of m-xylene, m = 1 
Number of moles of p-xylene, n, = 3 


Mole fracti Fe amal e 
Pee a pa = 0.28 
na 3 
X = —4_ — 
| Wen, as = 0-75 
R= 1.98 cal K-1 


moli, Tæ 27+273 = 300 K 
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AG, mix) = 1.98% 300X 2.303 [0.25 log 0.25+-0.75 log 0.75] 
= —334.1 cal mol™ 

Entropy of mixing per mole 

AS. mix) = —R [xy In xı+xa In xal 
— 1.98 x 2.303 [0.25 log 0.25+9.75 log 0.75] 

= 1.1 cal K™! mol™ 

Enthalpy of mixing per mole, 

AA mmiz) = 0 (for ideal solution) 


ll 


10.4 REAL SOLUTIONS 


Real solutions deviate from ideal solutions. For real solutions, the 
Gibbs free energy change of mixing is given by 
AG mix) = RT [ny In a; -+7 In ao] 


= RT [m In xy7i1+Mg In xaya] (10.9) 
or AG, mtx) = RT [xy In ait xs 10 aa] 
= RT [xy In x1y¥1-+%2 In Xaya] (10.10) 


where yı and ya are the activity coefficients of components 1 and 2. 
The difference between the Gibbs free energy of mixing for real 
solutions and ideal solutions is called the excess Gibbs free energy of 


mixing, i.e. 


AGE = AG, «rea — AG mdean 


AG, E= RT[x, ln xıyı+x2 In Xaya] 


— RT[x ln xı+x:1n xa] (10.11) 
= RT[x: ln yı+xə ln Ye] 
Similarly, it can be shown that 


I ô ln yı 6 In ye A £ 
ASË = rT x (e ji +2 ( oy | R [xı In x+% In xa] 


(10.12) 
Ba ê ln yı ô In Ya 
N -RT| x: ee E +x,( Ys | (10.13) 
At low pressures, fugacity can be equated to vapour pressure. Hence, 
i = fa mi Ga oei 
or DE Dy Yı X1 


Depending upon the value of y,’s, the partial pressure of the compo- 
nent may be greater or lesser than the Raoult’slaw pressure. If y,>1, 
the system shows positive deviations from Raoult’s law and if y;<1, it 
shows negative deviations. Asa result, solutions may be divided into 
three types. 

Type I Solutions show small deviations from ideal behaviour. 
Total pressure is always within the vapour pressures of the pure 


components. 
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Type II Solutions show 
total vapour pressure curve. 

Type III Solutions show 
total vapour pressure curve. 


The vapour pressute-liquid composition curves for the three types 
are shown in Figs. 10.1 (a), (b) and (c). It is clear from the figures that 
the vapour composition curves lie below the liquid-composition curves 
for all types. In the systems of Types II and III [Fig. 10.1 (b) and (c)], 


Points of maximum and minimum 


Positive deviations anda maximum in the 


negative deviations and a minimum in the 


Position of the vapour phase is 
different from that of the liquid phase. The boiling point is the tempe- 
tature at which the total vapour pressure becomes equal to the confining 
Pressure (atmosphere Pressure). Since different compositions of a 
solution have different vapour pressures, solutions of various concentra- 
tions will boil at different temperatures. Obviously, a solution of low 


AL. 
x= 


(Constant T) 


— 


x 
(Constant p) 


Type II 
(6) of, < 
(e) 
A B A B 
X—— > —p 


Type III 
(f) 


@ 


i A 8 
(Constant T) 5 
o! 
nstan (Constant p) 
Fig. 49.1 Vapour Presstre-liquid composition 


; 1and corresponding boiling 
Point- 


composition curves, 


Solutions 201 


vapour pressure will boil at a higher temperature than one of higher 
vapour pressure. The boiling point composition curves are also given 
in Fig. 10.1 [(d), (e) and (£). 

According to Fig. 10.1, it is possible to isolate the pure components 

by repeated fractional distillation. 
It may be noted that, 

(a) The two components forming a solution of Type I can be 
separated by fractional distillation into the pure components. 

(b) The fractional distillation of a solution of Type II gives residues 
of A and Band a distillate of composition C. For example, the 
distillation of a solution of composition between Aand C will 
give a residue of A and a final distillate of composition Ca, The 
distillation of a solution of composition between B and C will 
give a residue of B and distillate of composition C. 

(c) In the fractional distillation of a solution of Type TII, the 
residues tend towards a boiling mixture and the distillates towards 
the pure components. 

Mixtures which boil at constant temperatures are called constant 

boiling mixtures or azeotropes. Their composition in the liquid and 
vapour phase is the same. 


10.5 SOLUBILITY OF PARTIALLY MISCIBLE LIQUIDS 


There are certain liquids which are only partially miscible with one 
another. The miscibility of these solutions varies with temperature in a 
characteristic manner. At the compositions when they are not com- 
pletely miscible, two liquid layers are formed. For example, in the case 
of aniline and water, one layer consists of a small amount of water dis- 
solved in aniline while the other layer consists of a small amount of 
aniline dissolved in water. Such solutions of different compositions 
coexisting with one another are called conjugate solutions. 

In these solutions, the mutual miscibility varies with temperature so 
that, at a certain temperature, the two layers become completely misci- 
ble. This temperature is known as the critical temperature OY consolute 
ystems in which mutual solubility increases with tem- 
perature have upper consolute temperatures (e.g. aniline-+ water), ve 
those in which mutual solubility increases with decrease 10 tempera By 
possess lower consolute temperature (e.g. triethylamine ani See 
There are solutions which show upper as well as lower consolu 


peratures (¢.8- nicotine and water). 


tempesature. S 


10.6 STEAM DISTILLATION 


he 
enerally used for t 
; her temperatures OF decompose 


: ; purification of organic liquids 
This technique 1S shen polled 


which either boil at hig 
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atmospheric pressure. In this type of distillation of liquids immiscible 
With water, the distillate Separates in two layers consisting of water and 
organic liquid. The total Pressure due to organic liquid and water 
vapour is equal to the atmospheric pressure, The ratio of components 
‘T’ and ‘2’ in the vapour phase, which distil over (distillate), is given by 


: P; M: 
peu 4 (10.14) 
We Po Me 


Where w, We are the weights, Den PS are vapour pressures and Mı, Me 


are the molar masses of components ‘1 


EXAMPLE 10.7 Ina solutio 
water is 0.5. The Partial 


> and ‘2°, Tespectively. 
n of water and alcohol 


Calculate 
(a) activities of water and alcohol 
(b) activity Coefficients of water and alcohol. 


Solution (a) Activity, a = iE 
Por, ) 

411.0) = 3 z 

P (120) 


Pro) = 13.5 torr, Plumo) = 17.5 torr 


P(C2H50H) 
Nemon = 


P{canson) 
P(couson) = 27.6 torr, Pecon) = 43.6 torr 
27.6 


4(c2t30n) = = 0,63 


43.6 
(b) Activity coefficient y = = 


I 


Y(H20) ano) = 0.77 


Xino) =S 


0.77 
(mo) = 05 7 154 
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5 L cmon) 
(C:H50H) Y 
Alcamon) ~ 0.63, X(canson) mos 
0.63 
Ycon) ~ 95 1.26 


EXAMPLE 108 A certain mixture of water and chlorobenzene boiled 
at 90°C under a reduced pressure of 720torr. If the vapour pressure of 
water at 90°C is 528 torr, calculate the composition of the distillate on 
wt% basis. 


Solution The ratio of components of the distillate is 


pi Mı 


Po M: 
Wt. of water =w, 
Wt. of chlorobenzene =w; 


Vap. pressure of water, pî = 528 torr 


Vap. pressure of chlorobenzene, p = 720—528 = 192 torr 


Molar mass of water, M, = 18 
Molar mass of chlorobenzene = 112.5 
Wie ot! SBIR ee 4 
We 192% 112.5 oF ; 

If the weight of chlorobenzene in distillate ws is 1, then the weight 
of water in distillate is 0.44. This means that 1.44 parts of mixture con- 
tain 1 part of chlorobenzene. 

Wt % of chlorobenzene = ya 100 = 69.4% 

Wt % of water = 100 —69.4 = 30.6% 


EXAMPLE 10.9 A mixture of immiscible liquids of an organic liquid and 
water boils at 90°C and 732 torr pressure. The distillate contains 73% 
by weight of the organic liquid. Calculate the molar mass of the 
organic liquid (vapour pressure of water at 90°C is 526 torr). 


Solution The ratio of components of the distillate is 


> 

M.: 

it hee 
Wa ~ no 

Pa M> 


Wt. of water, Wi = 27g 
Wt. of organic liquid, wa = 73 g 
Total vapour pressure at 90°C = 732 torr 
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Vap. pressure of water, Py = 526 torr 


Vap. pressure of organic liquid, p} = 732—526 = 206 torr 
Molar mass of water, M, = 18 
Molar mass of organic liquid, M,=? 


-P M, w 
M, = 


P Wir 


— (526 torr) x (18 g mol"') x (73 g) 
(206 torr) x (27 g) 
= 124.2 g mol“: 


10.7 SOLUBILITY OF A GAS IN A LIQUID 


given temperature depends 
t. The most soluble gases 
ically. The solubility of a 


es with increase of pressure 
perature, 


The solubility of a gas is related to i 
States that the mass of dissolved gas pe 
given temperature, is Proportional to 
brium with the solution. 

If x is the mole fraction of gas in the solvent 


ts pressure by Henry’s law. This 
r unit volume of solvent, at a 
the pressure of the gas in equili- 


and p is the gas pressure 
in equilibrium with the solution, then 

xap 
or x= K'p 
or D= Kx (10.15) 
where K is called Henry’s constant ` 


The units of K will de 
centration. If the concentr, 
fraction, then the units 
accordingly. 


It has been observed that Henry’s law is valid if 
(i) pressure is not too high 
(ii) temperature is not too low and 


(iii) the gas is not highly soluble and does not dissociate or interact 
strongly or chemically with the solvent. 


pend upon the units of pressure and the con- 
ation is expressed in units other than mole 
of the Henry’s law constant will change 
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Acccrding to Henry’s law, 
P>Kx 


Solutions 205 


i.e. pressure is directly proportional to mole fraction. But Raoult’s law 
states that 
p= px 
m KEDE 
This means that Raoult’s law is a special case of Henry’s law. It 
may be noted that: s 
(a) If one component obeys Raoult’s law over a certain range of 
compositions, the other component must obey Henry’s law in 
that composition range. 
(b) If one component obeys Raoult’s law over the entire range of 
compositions, then the other component must also obey Raoult’s 
law and the solution is ideal. 


ExAMPLE 1010 One litre of water under a nitrogen pressure of 1 atm 
dissolves 0.02 g of nitrogen at 20°C. Calculate Henry’s law constant. 


Solution According to Herry’s law, 


pD=Kx 
2 Moles of nitrogen 
Moles of nitrogen + Moles of water 
0.02/28 x 
0.02/28 + 1000/18 ~ 1-129 x 10° 
=latm 
po 1 atm 


R= > TO es 
EXAMpLe 10.11 Dry air contains 79% Nz and 21%0:. Determine the 
proportion of Nz and O» dissolved in water at | atm pressure. Henry’s 
constants for N and Oz in H:O are 8.54 X 10‘ atm and 4.56 X 10‘ atm, 
respectively. 

Solution The total pressure of air over water is] atm. The partial 
pressures of Nz and O» are 


1 x 79 
Pwr) = Sao mes 0.79 atm 
1 X 21 
Por) = ATO 0.21 atm 
Applying Henry’s law, 
Pwa = Kona Xina? 
or 3 
e Pa) 0.7 = -6 
Xa) Kon <4 x 10 9.13 X 10 
pion) SEO E E0 


Similarly, X(O2) = Kos 4.56 x 10¢ 


proportion of N2/Oz = 1.98: 1 
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10.9 NERNST DISTRIBUTION LAW 


If a solute is dissolved in two immiscible or sparingly soluble — 
and has the same molecular state in both these liquids, then the ratio o 


the concentration of the solute in the two phases at equilibrium is 
constant, i.e. 


eeu. = (10.16) 
Co 

where Cı is the concentration of the solute in phase 1 and C, is the 

concentration in phase 2. K is called the distribution or partition 

Coefficient. This is known as the Nernst distribution law, If the solutions 


in the two solvents are non-ideal, then the concentrations are replaced by 
their activities, i.e. a/a; = K. 


When the molecular state of the solute is different (association or 
dissociation) in one of the phases, the distribution law is modified as: 
(a) Association of the solute in one of the phases Suppose a solute ‘9 
Temains as such in the first phase and exists as both ‘S’ and its associated 
form ‘S,’ but predominantly as §, in second phase, Then 

Fee Tears (10.17) 


where 7 is called the degree of association. If the value of n is un 


known, 
then it can be determined from the equation, 


log Cı = + log Cy + log K 
f graph between log C, and log Cy so that the slope is equal 
to 1/n 


(b) Dissociation of the solute in 
exists as such in phase 1 and exi 
(HS =H + S) in phase 2, then 


RANG 
ake aT (10.18) 
where « is the degree of dissociation. 


(c) Solute forms complex in one of its phases The combination of the 
solute with some other Species in one of the phases does not make any 


change in the distribution law equation, but it changes its numerical 
value. 


one of the Phases 


When a solute ‘HS’ 
sts both as ‘Hs and 


its dissociated form 


Distribution Law and Solvent Extraction 


Organic compounds generally have higher solubilities in organic solvents 
than in water. Th from aqueous solutions by 

It can be shown that the 
if the extracting liquid is 


ce. Ifagrams of solute 


Solutions 207 


are present in V ml of water, and is shaken with v ml of organic liquid, 
then the weight of solute left after the mth extraction; w, is 


kV z 
Wa = aa (10.19) 
The weight of solute extracted a be 
a—W, =a[1— —Ga)] (10.20) 


where K is the distribution coefficient. 


ExamPLeE 10.12 Distribution of benzoic acid has been studied between 
water and benzene. The concentrations of benzoic acid determined by 


titration are given below: 


0.1302 0.0982 0.0501 


C(CoH,) mol 1-1 _ 
0.0087 0.0062 


C(H:0) mol [-1 0.0100 
Determine the nature of association of benzoic acid in benzene. 


Solution 
C(H20) C(H0) 
eO ce) (CoH) [CGH 
mol /-1 mol j= moli’: [-1/2 
0.1302 0.0100 0.077 0.0277 
0.0982 0.0087 0.089 0.0278 
0.0501 0.0062 0.124 0.0277 


It is clear that C(H20)/C(CsHs) is not constant and, therefore, 
benzoic acid does not exist in the same molecular state in two phases. 
But C(H20)/[C(CsHs)]*? is almost constant. Thus, the degree of associa- 
tion of benzoic acid in benzene is two, i.e. it exists as a dimer in 


benzene. 
EXAMPLE 10.13 The distribution coefficient of I, between CCl, and H:O 
is 85. When iodine is shaken with CCl and 0.05 M potassium iodide 
solution, the concentration of iodine in CCl, and aqueous layers are 
0.05 and 0.015 M. Calculate the equilibrium constant for the reaction: 


Lre in aqueous layer 


Solution Concentration of Iy in CCls layer, 
[I.(CCliy)] = 0.05 M 
— [f(CCl)] _ = 85 
~ [fs(H.0)] 


[1,(H,0)] = Se = = 5,88 x 10-4 


[17 (H20)] = C(H.0) — [1.(H,0)] 


= 0,015 — 5,88 10 
= 0.01441 M 
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[I-(H20)] = 0.05 — 0.01441 = 0.03559 M 
Hence, for the reaction 


k+l 


1; (H.0)] 


p [(H:O)[1T (H:0)] 
= 0.01441 E 
(0.000588) x (0.03559) ~ 688.6 M7! 


EXAMPLE 10.14 One litre of an aqueous Solution, on shaking twice with 
50 ml of an organic liquid, retains 3.46 g of solute. Initially, the amount 
of solute in the solution was 5 g. What is the distribution coefficient of 
solute between water and ether (assume the same molecular state for the 
solute in both solvents) ? 


Solution 


Weight of solute remaining unextracted, 


a KV yr 
e i a( KV + 7) 
Wn = 3.46 g, a= 5.0 g, V = 1000 ml, vy = 50 ml, 
n=2 
Kx 1000 —-\2 
3.46 = 5.0 (4S 1000 + 50 ) 
1000K _/ 3.46: \} _ 
or 1000 K+ = ( Sq)? = 0.832 
& K = 0.248 


EXAMPLE 10.15 One gram of a substance is 
The solution is shakea with chloroform, usi 
time, in two instalments. 

(a) Calculate the amount of substance left unextracted if the distri- 
bution coefficient of the substance tetween chloroform and water 
is 5:1. Assume the same molecular state for the solute in both 
solvents. 

(b) Show that the amount extracted in two instalments is more than 
when using 100 ml ata time, 


Present in 100 ml of water. 
ng 50 ml of chloroform at a 


Solution (a) Amount of substance left unextracted after two operations, 
Gee KV [= 
pnm a( KV =) 
a=1g, V = 100 ml, v = 50 ml, n=2, K=1/5 
ve M =ı( 1/5 x 100 \2 
A 1/5 x 100 + 50 
= 0.082 g 
ance extracted in two instalments = 1 — 0.082 
= 0.918 g 


(b) Amount of subst 
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If 100 mlis used in one Operation, then the amount of substance left 
unextracted, 
KV 
w = 4( Er Te ) 
a=1g, K= 1/5, V = 100 ml, y = 100 ml 
1( 1/5 x 100 ) 
1/5 X 100 + 100 
= 0.167 g 
Amount of substance extracted in one Operation = 1 — 0.167 = 0,833 g 
Hence, amount of solute extracted in two instalments is more than 
that extracted in one instalment. 


MISCELLANEOUS EXAMPLES 


EXAMPLE 10.16 At 25°C, two moles of cyclohexane are mixed with 
three moles of iso-octane. The activity coefficients of cyclohexane and 
iso-octane in the solution are found to be 1.049 and 0.996, respectively. 
Calculate the Gibbs free energy change of mixing per mole of the 
mixture. By how much is it greater than the corresponding value in an 
ideal solution of the same composition? 


Solution Gibbs free energy change of mixing per mole 
AG,«mix) = RT[x1 In a, + xa In ay] 
= RT [x1 In xıyı + X In x27] 
R = 1.98 cal, T = 273 + 25 = 298 K 
Moles of cyclohexane, nı = 2, Moles of iso-octane, 7, = 3 


i yeti gt SRNL 
Mole fractions, xı = 243 = 0.4, x, = a5 = 0.6 


Activity coefficients, yı = 1.049, ys = 0.996 
AG mix) {= 1.98 X 298 x 2.303 [0.4 log (0.4 x 1.049) 
+ 0.6 log (0.6 X 0.996] 
= — 387.4 cal mol? 
For ideal solutions 
AGmmixy = RT[x: In xı + xa In xa] 
= 1.98% 298 x 2.303 [0.4log (0.4) +-0.6 log (0.6)] 
= — 397.1 cal mol 


Difference of non-idea] and ideal (excess Gibbs free energy change) 
AG* imix) = — (387.4) — (—397.1) = 9.7 cal mol 


EXAMPLE 10.17 A solution contains 1g of an organic compound in 
500 ml of aqueous solution. It can be extracted with ether. Calculate 
the minimum number of extractions needed for at least 90% Tecovery of 
the compound, using 25 ml ether each time. The distribution coefficient 
of the compound between ether/water is 20, 
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Solution The amount of compound left after the nth extraction is 


Distribution coefficient, K = 


$ =a) 
nE NEVE y 


COS 1 
C(ether) 20 


1 
a=1g, V = 500ml, v=25ml, w, = 100 — 90 = 10% or 100 
ENE 
LON e20. 
TOOTS mA EE 
20 x 500 + 20 


sins: ee 
10 N45 


Taking logs, 


or 


1 25 
log (45) =n log (23) 


Thus, four extractions are required to get 90% recovery. 


QUESTIONS 


Numerical Problems $ 
10.1 (SI Units) Calculate the molarity and molality of a solution containing 30 g 


10.2 


10.3 


10.4 


10.5 


10.6 


10.7 


of oxalic acid (HaC104 . 2H2O) dissolved in 1 dm? of solution. 
of the solution is 1.0 x 10°% kg m~. 

Calculate the. molarity and molality of a sulphuric acid solution containing 
30% HaSOg by weight (density of solution = 1.198 g cm=), 

Calculate the molality and mole fraction of solute in a solution made by 
dissolving 18 g of glucose (molar mass = 180) in 500 g of water. 

What will be the molarity of a solution prepared by mixing 3 / of 0.1 M HCl 
with 2/ of 5 M HCI? F 

5Sgof tetramethylammonium chloride (CHs)a NCI, has been dissolved in 
600g of cthanol. Express ‘the concentration in molarity, molality, mole 
fraction and percentage by weight (density of the solution is 0.8025 g cm™?). 


How much NaOH containing 50% water by weight is required to prepare 2 ! 
of 0.1N NaOH solution ? 


The density 


(SI Units) At 300 K, the vapour pressures of toluene and benzene are 


3.572 kPa and 9.657 kPa, respectively. Assuming nearly ideal solution of 
toluene and benzene, calculate 


(a) the vapour pressure of a .solution containing 0.4 mol fraction of 
toluene < 


(b) the mole fraction of toluene in the vapour over the solution 


10.8 


10.9 


10.10 


10.11 


10,12 


10.13 


10.14 


10.15 


10.16 


10.17 


10.18 
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The vapour pressures of pure components A and B are 120 torr and 96 torr, 
respectively, What will be the Partial pressures of the components and the 
total pressure when the solution contains 1 mole of component A and 4 moles 


of component B and the solution is ideal ? What will be the composition in 
the vapour phase ? 


(SI Units) At 323 K, the vapour pressures of pure chloroform and “acetone 
are 98.6 kPa and 84.0 kPa. In a solution of chloroform and acetone, the 
mole fraction of acetone is 0.4 and the vapour pressure of chloroform and 
acetone over the solution are 53.3 kPa and 26.6 kPa, respectively. Calculate 
the activities and activity coefficients of the components. 

At 25°C, 1 mole of SiClk and 
Solution in which the activit 
Calculate the Gibbs free en 
greater than the correspondi 
composition ? 


-3 moles of n-heptane are mixed to give a 
y Coefficients are 1.15 and 1.01, respectively. 
ergy of mixing per mole. By how much is it 
ing value in an ideal solution of the same 


(SI Units) Calculate a GE when 3 moles of cyclohexane are mixed with 


1 mole of ethyl benzene at 313 K. The activity coefficients of cyclohexane 

and ethyl benzene are 1.038 and 1,175, respectively. 

(a) During steam distillation of a mixture of chlorobenzene and water, the 
mixture boils at 95°C and 750.6 torr pressure. Calculate the composition 
of the distillate (vap. pressure of water at 95°C = 634.6 torr). 

(b) A mixture of an organic liquid and water boils at 90°C and ‘733.5 torr, 
The distillate contains 30% by weight of the organic liquid. Calculate 
the molar mass and vapour pressure of the organic liquid (vapour 
Pressure of water at 90°C is 526 torr). 

(SI Units) The vapour pressures of pure benzene and toluene at 293 K are 

1.01 x 10¢N m~ and 2.92 x 102 N m-3, respectively. Calculate the composi- 

tion of vapour in equilibrium with the solution containing 25 mol % 

benzene, assuming the solution to obey Raoult’s law. 

The Henry’s law constant for krypton in water is 2 x 104 

many grams of Kr should dissolve in 2000 g of water ata 

15 atm at this temperature (at mass of krypton = 83.8) ? 

How many grams of oxygen will be adsorbed by 107 of water at 25° 

the pressure of oxygen over water in equilibrium is 2 

constant is 4.22 x 105 torr. 

The mole fraction of acetone in dilute a 

known to obey Henry’s law for acet 

over this solution is 38 torr. 

(a) Determine the Henry's law constant. 

(b) What will be the partial pressure of 
if its mole fraction is 0.0666 ? 


The vapour pressures of pure A and Bare 300 and 400 torr, respectively, at 
27°C. The components A and B forma non-ideal solution, but the vapour 
phase above the solution behaves ideally. The total pressure above the 
solution that is 50 mole % A is found to be 250 torr and the mole fraction of 
Ain the vapour phase is 0.40. Calculate the activities and activity co. 
efficients of A and B in the solution, 

The distribution constant of ammonia between w 
Two hundred ml of a 0.01 molar solution of amm 
with 20 ml of water. What will be the number o 
the chloroform layer after equilibrium ? 


atm- at 20°C, How 
krypton pressure of 


C, when 
atm ? Henry’s law 


queous solution is 0.0333, and iti 
one. The partial pressure of acetone 


acetone on the basis of Henry’s law 


ater and chloroform js 21.5), 
onia in chloroform is shaken 
f moles of ammonia left in 
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10.19 


Acetic acid was shaken with CCl, and H:O. Onanalysis of two layers, the 
following results were obtained: 

Conc. in H:0 5.00 7.38 12.86 

Conc. in CCk 0.30 0.65 1.98 


10.20 


10.21 


10.22 


10.23 


10.24 


10.25 


Assuming that acetic acid exists as a single molecule in water, show that it 
exists as a dimer in CCl. 

The solubilities of iodine in water and carbon dis: 
and 20 g per 100 ml, respectively. One litre of 
is shaken with 10 ml of the carbon disulphide la 
of iodine in the carbon disulphide layer ? 


ulphide, at 25°C are 0.030 g 
a saturated solution of iodine 
yer. What is the concentration 


(SI Units) When 1 dm? of an aqueous solution co: 
shaken with 50 cm? of ether, it is found that 0.84 
the ether layer. How much of the solute will be 
aqueous solution after the first extraction is sh 
ment of 50 om! of ether (assume the solute to hay 
in both water and ether) ? 

(SI Units) The distribution coefficient 
benzene is 0.083 at 25°C. If 1 dms 


ntaining 5g of a solute is 
gof the solute Passes into 
left unextracted when the 
aken with a second instal- 
e the same molecular state 


for ethylacetate between water and 
of an aqueous solutio. 


100 cm? each ? 


An organic compound is extracted from aqueous solution with successive 
quantities of 25 ml of chloroform, The distribution coefficient of the 
compound between chloroform and water is 20 : 1, Calculate the number of 
extractions needed for at least 95% 


: o recovery of the compound when the 
original solution contains 1 g in 500 


ml. 
A 500 ml solution Containing 100 mg of iodine 
and then allowed to separate. Calculate th 
water layer, given that iodine is 90 times more 
If a second extraction is made from the w 


CCl,, calculate the quantity of iodine re 


is shaken with 25 m1 of CCl 
e quantity of iodine left in the 
soluble in CCl, than in water. 


a[i- we)’ 


QUIZ QUESTIONS 


Type A: Multiple Choice 


10.26 


In a binary solution ¥ı and xa are the mole fraction 


s of the two components 
having p? and p? 


vapour pressures, respectively, The total pressure above 
the solution (assuming it to be ide: 


@ (a= a) as 
(b) PI x1 — P; Xa 
(c) ( P + *) Xz — x1 pe 


@ ( ri = i)a- ( g- DE 


al) is 


10.27 


10.28 


10.29 


10.30 


10.31 


10,32 


10.33 


10.34 
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Solutions.with components which obey Raoult’s law over the entire composi- 
tion range are said to be / 

(a) real solutions 

(b) dilute solutions 

(c) binary solutions 

(d) ideal solutions 

In a binary ideal solution having mole fractions x, and x2 the free energy of 
mixing per mole of solution is given by 

(a) RT [In xy + In x3] 

(b) RT [x In x, + x: In xs] 

(c) R[x In xy + xs In xa] 

(d) m RT In x, + n, RT In xa 

Which of the following thermodynamic functions of mixing is not correct (for 
an ideal solution) ? 


(a) AH, =0 
(b) AV, = 

(c) AS, = — R[x, In x, + x2 In x3] 
(d) aG, = 0 


Which of the following systems has lower as well as upper consolute 
temperatures ? 

(a) nicotine—-water 

(b) aniline-water 

(c) triethylamine-water 

(d) phenol-water 

The temperature at which two conjugate solutions change into one 
homogeneous solution is called the 

(a) azeotrope 

(b) conjugate temperature 

(c) consolute temperature 

(d) transition temperature 

For a solution of A and B with mole fractions of components x4 and xg, and 
activity coefficients y4 and y p, respectively, the Gibbs free energy of mixing is, 
(a) RT [x4 Ya ln x4 Ya+*sYs In xg Yal 

(b) —RT [x4 ln x4 Ya4+xa In xg yg] 

(c) —RT [xg ln x4 yg+x4 In xg yp] 

(d) —R [xg In x4 ya+*s In Xp Ya) 

The law which relates the solubility of a gas to its pressure is called 

(a) Raoult’s law 

(b) The distribution law 

(c) Henry’s law 

(d) Ostwald’s law 

If one component obeys Raoult’s law over the entire range of compositions- 
then, for an ideal solution, 

(a) the second component must obey Henry’s law over, the entire composi 


tion range i E 
(b) the second component must obey Raoult’s law over the entire composi- 


tion range 
(c) both components should obey Henry’s and Raoult’s law 


(d) none of the above is correct 


214 Physical Chemistry: Principles and Problems 


10.35. Which of the following is not the correct crit. 


(a) Enthalpy of mixi; 


eria for an ideal solution ? 
ng = 0 


(b) Volume of mixing = 0 
(c) Free energy of mixing = 0 
(d) Obeys Raoult’s law 


10.36 When a solute S exists as s 
Sn species, then the distrib 


uch in phase I and associates in phase II forming 
ution law can be expressed as 


C 
Rises T 
Nun 
(b) K= 
: Cy 
Ci 
© K= Cp 
Cr 
OE nCyy 


10.37 When a solute AB exists as such in p 
ard æ is the degree of dissociation, then the distributi 


expressed as 


C, 
(co) K= Fram 
= Cı 

(d) K Eya 


hase T, dissociates in Phase 2.as A+B, 
on law may be 


aml of water and is shaken with Vs ml of 
Solute left after the third extraction is 


equal to 
oag wan. 
© sley) 

3 
ooy wr.) 
© » (ans) 


10.39 In the case of solutions 


the other 
10.40 According to Henr: 
is related to the pr 


(@) x= kjp 
(b) x = pik 
C) x= kW Dp 


() p= k/x 


y’s law, the mole fractio; 


n (x) of a gas dissolved in a solvent 
essure of the gas as 


10.41 


10.42 


10.43 


Solutions 215 


Under constant pressure, the solubility of a gas 

(a) increases with increase in temperature 

(b) decreases with increase in temperature 

(c) is generally independent of temperature 

(d) increases with increase in temperature at first and then becomes constant 


For ideal solutions, the volume of mixing is 
(a) —R [x In x, + x2 In xa] 
(b) —RT [xı In xı + x2 In x] 
(c) R[x: In xı + X: In x3] 
(d) zero 
If a binary solution behaves ideally and x, and xa are the: mole fractions of 
the two components, then the entropy of mixing per mole is 
(a) zero 
(b) R {x In x14-%2 In xa] 
(c) —R [x In xexe In x] 
(d) —R [xa In x4 xa In xal 


10.44 If ag of solute present in V ml of water is shaken with v ml of chloroform, 


the weight of solute extracted after the second extraction is equal to (distri- 
bution coefficient between chloroform and water is 20:1) 


KE Gand. 
b a [1— (m) 


© a (ars) 


© e [i (a) | 


10.45 Mixtures corresponding to either a minimum or maximum in toiling point 


curyes are called 

(a) ` eutectic mixtures 
(b) azeotropic mixtures 
(c) ‘consolute mixtures 
(d) ‘ideal mixtures. 


Type B: Multiple Choice (Numerical Problems) 
10.46 The vapour pressure ofa pure liquid at 25°C is 100 torr. Its mole fraction 


10.47 


10.48 


in the solution is 0.20; If its activity coefficient is 1.5 then its vapour 
pressure is: 

(a) 30 torr 

(b) 7.5 torr 

(c) 13.3 torr 

(d) 60 torr 

The vapour pressures of pure components A and B are 100 torr and 80 torr 
respectively. What will be the total pressure of the solution obtained by 
mixing 2 moles of A and 3 moles of B? 

(a) 48 torr 

(b) 108 torr 

(c) 88 torr. 

(d) 8 torr 


The vapour pressures of puré components ‘1’ and ‘2’ are 200 torr and 100 
torr, respectively. Assuming a solution of these components obeys Raoult’s 
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10.49 


10.50 


10.51 


10.52 


10.53 


10.54 


10,55 


Type C: True or False 


10.56 


law, the mole fraction of component ‘I’ in vapour phase in equilibrium with 
a solution containing equimoles of 1 and 2 is: 

(a) 0.33 (b) 0.66 

(c) 0.80 (d) 0.50 

The free energy change of mixing for an ide 
—0.990 kcal mol-1. Thee; 
(a) —1.980 kcal mol-1 

(b) 3.3 cal mol-1 K-1 

(c) 9.90 cal mol-1 K-1 

(d) 0.010 kcal K-1 mol-1 


al binary solution at 27°C is 
ntropy change of mixing is 


One litre of water under 1.8 atm pressure of gas X dissolves 0.028 g of the 
gas at 20°C. The Henry’s law constant for gas in water is 

(a) 1x105 atm 

(b) 0510-5 atm 

(c) 1x10-5 atm 

(d) 2.5x105 atm 

The Henry’s law Constant for argon in water is 2.5x10¢atm at 25°C, The 
mole fraction of argon, at an argon Pressure of 10 atm, at this temperature, is 
(a) 410-2 (b) 2.5 108 

(c) 4x10-« (d) 2.5105 

A solute x exists as the monomer in liquid A and dimer in liquid B. The 
concentrations of the solute in A and B are 0.080 and 0.160 mol l-1, respec- 
tively. The distribution Coefficient between liquids A and B is 

(a) 0.50 (b) 0.20 

(c) 0.32 (d) 0.128 

The molality of a solution containing 18 8g of glucose (molar mass 180) in 
500 g of water is 

(2) 1m. Œ) 0.5m 

(c) 0.2m @ 1.2m 

An aqueous solution Contains one gram of a substance in one litre. The 
solution is shaken twice with ether, using 100 ml ether each time, Calculate 
the amount of substance extracted if the distribution coefficient of the sub- 
stance between ether and water is 10 (assume the same molecular state for 
the solute in both solvents) 

(a) 0.25g (b) 0.5 g 

(c) 0.75g | (d) 0.85 g 
The Partition coe; 


ficient of a substance between CHCl, and H:O.is 5. The 


nce left unextracted in a solution of 800 mg in 500 ml, after 
100 mj of CHCI; is 


(b) 400 mg 
(c) 600 mg (d) 700 mg 


amount of substa 
Shaking with 


LY aA 
The activity. of a scomponent obeying Raoult’s law is equal to its mole 
fraction, 

For an ideal solu 
mixing are zero, 
The solubility 
solution, at 


tion, the Gibbs free energy of mixing and the volume of 


of a Bas in a liquid increases with increase in Pressure over the 
9 a given temperature, 
Ina binary system 


M: if one component Obeys Raoult’s law overa certain 
Tange of Compositions, the other component must obey Henry’s law in that 
Composition range, 
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10.60 According to Henry’s law, at constant temperature and pressure, the solubi- 
lity of all gases in a given liquid is the same. 

10.61 Solutions having positive deviations from Raoult’s law cannot be distilled 
into pure components. 

10.62 In boiling point composition curves, vapour-composition curves lie above 
liquid-composition curves. 

10.63 The distribution law takes into account the concentrations of similar molea 
cular species in two immiscible liquids, 

10.64 All solutions have azeotropes. 

10.65 All solutions must obey either Henry's law or Raoult’s law over the entire 
composition range. 


Type D: Fill in the Blanks 
10.66 The ratio of the concentrations of a solute, ina pair of immiscible liquids, 


is called —. 

10.67 Ideal solutions obey ——— law. 

10.68 Partially miscible liquids are completely miscible at ——————. 

10.69 If two pure liquids are mixed to give an ideal solution, then —————— 
and ——— are zero. 


10.70 Mixtures which, like pure chemical compounds, boil at a constant tempera- 
ture and distil over without change in composition are called ——. 


ANSWERS 


Numerical Problems 

10.1 0.238M, 0.245m 10.2 3.67M, 4.37m 10.3 0.2m, 0.0036 10.4 2.06 M 
10.5 0.06 M, 0,076 m, 0.37, 0.83 wt% 10.6 89g 10.7 (i) 7.22 kPa (ii) 0.20 
10.8 0.238, 0.762 10.9 0.317, 0.540 10.10 —306.8 cal mol-}, —331.8 cal mol-}, 


AG F = 25.0 cal mol-! 10.11 177.43 mol-! 10.12 (a) Chlorobenzene 53.3%, 


water = 46.7% (b) 106.4; 207.5 torr 10.13 0.53,0.47 1014 6.988 10.15 0.8328 
10.16 1141.1 torr, 76 torr 10.17 @4= 0.33, ag = 0.375, y4 = 0.66, Yg = 9.75 


10.18 0.00533 moles 10.19 GUV Ca is constant, 9.12, 9.15, 9.13 10.20 12g 
10.21 0.7g 10.22 (a) 0.783 g (b) 0.907g 10.23 5 10.24 18.2 mg, 3.31 mg 
Quiz Questions 

10.26 (a) 10.27 (d) 10.28 (b) 10.29 (d) 10.30 (a) 10.31 (a) 10.32 (b) 
10.33. (c) 10.34 (b) 10.35 (c) 10.36 (b) 10.37 (a) 10.38 (a): 10.39 (c) 
10.40 (b) 10.41 (a) 10.42 (3) 1043 (d) 10.44 (b) 10.45 (b) 10.46 (a) 
10.47 (c) 1048 (b) 10.49 (b) 10.50 (a) 10.51 (c) 10.52 (b) 1053 (c) 
10.54 (c) 10.55 (b) 10.56 True 10.57 False: Volume of mixing is zero but 
Gibbs free energy change of mixing is not zero 10.58 True 10.59 True 10,60 False 
10.61 True 10.62 True 10.63 True 10.64 False 10.65 False 10.66 partition 
coefficient 70.67 Raoult’s 70.68 Critical solution temperature 10.69 Enthalpy 
of mixing, volume of mixinz 70.70 azeotropic mixtures. 
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Colligative Properties and 
Dilute Solutions 


Dilute solutions containing non-volatile solutes exhibit four important 


Properties; i.e. relative lowering of vapour pressure of Solvent, elevation 
of boiling Point, depression of freezin s 
These properties are c For dilute solutions, 
colligative Properties dep 


olvent and number of 
Particles* of the solut These properties are very 
useful in determining Volatile solutes and their 
behaviour (associate in solutions. The methods 
can also be used tod Oeflicients of the solutes, 


11.1 RELATIVE LOWERING OF VA 


The addition of a 
Pressure, If x, is th 
Of the sdlute, - p° the 
vapour pressure of th 
Vapour pressure of the Solution, p is give 
P = px, 
Since x, is always less than one, 
always less than p° (vapour The relative 
lowering in vapour pressure (Ap/p°) is given by the equation: 
EP ptn Poar PN (11.2) 


P 
Relative lowering of Vapour pressure is, therefore, independent of the 
nature of the solute and solvent and d 


epends only on the mole fraction 
of the solute, Thus, it is a colligative Property. Ifw, and ws are the 
Weights of solvent and 2 are their correspond- 


POUR PRESSURE f 


nonvolatile solute to a solvent lowers its vapour 


he solvent, Xə the mole fraction 
pure solvent, and p the 


» according to Raoult’s law, the 
n by the Telation, 


i Si W/M, 11.3) 
Mole fraction of solute, x, = E E ( 


no è 
“Particles mean all species (molecules, ions, etc.) which exist independently in the 
solution, 
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For dilute solutions, 


wa/Ma _ WMı (wa < w) 


= w/M — wM: 
Ap _ WMı 
Therefore, PAF RIE 
ee 
or M, = wi X App? (11.4) 


With the help of Eq. (11.4), the molar mass of the solute can be 
determined if the other quantities on the right-hand side are known. 
More precisely, molar mass Mə can be calculated from the relation 
[obtained from Eq. (11.3), 

Ma ne 
M: My ( A 1) (11.5) 


Wy 


11.2 DETERMINATION OF LOWERING OF VAPOUR PRESSURE 
Two methods are generally used 


Differential (or Static Method) 

In this method, the difference in vapour pressure between the pure 
solvent and the solution is measured by connecting these to the two 
sides of a differential manometer. The accuracy of the measurements can 
be increased by using manometric liquids (e.g., silicon oils) of lower 
density than mercury. 


Dynamic Method 

This is used mostly for aqueous solutions. In this method, a stream of 
dry air is bubbled successively through the solution and the pure 
solvent, which removes water. The loss of water from the solution and 
solvent is noted. These are proportional to p and (p° — p) respectively. 


EXAMPLE 11.1 The vapour pressure of water at 20°C is 17.51 torr. 
The lowering of vapour pressure of a sugar solution is 0.0614 torr. 


Calculate 
(a) the relative lowering of vapour pressure 
(b) the vapour pressure of the solution 
(c) the mole fraction of water 
x à Ap 
Solution (a) Relative lowering of vapour pressure = a 
Lowering of vapour pressure, Ap = 0.0614 torr, p° = 17.51 torr 


Ap _ 0.0614 _ 
Ae 0.0035 
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e of solution = p° — Ap | 
(b) Vapour pressur E Gal 17 48 tott l 


Ap 
(c) Mole fraction of solute, x. = a = 0.0035 


Mole fraction of water = 1 — x, = 1 — 0.0035 | 
= 0.9965 
EXAMPLE 11.2 (SI Units) The vapour pressure of pure water at 298 yg 
3.16 x 10% N m= and the vapour pressure of a solution containing 5.30 g 


per 100 g water, at 298 K, is 3.11 x 10% Nm. Calculate the molar 
mass of the solute. 


Solution Molar mags of the solute, 
Ww: Mi p° 
Oh Ap 
Vapour pressure of pure water, p° = 3.16 x 103 N m- 
Vapour pressure of solution, P = 3.11 x 10? N m~? 
Lowering of vapour pressure, Ap = (3.16 — 3.11) x 10? 
= 0.05 x 10° = 50 N .m-2 


Weight of solute, w, = 5.20 g 
Wt. of solvent, w = 100g 
Molar mass of water, M, = 18 x 10-3 kg mol-1 


M, = 30 2) x (18 x 10-3 kg mol) x (3.16 X 10? N m-2) 
i (100 2) x (50 N m=) 
= 60.3 x 10- kg moj: 
Molar mass = 60.3 


Exampre 11.3 Dry air, when bubbled through a solution and later 
through pure water at 25°C, causes a loss of 1.0180 g and 0.0435 & 
respectively. If the solution contains 133.3 g of the solute in 1000 g of 
water, calculate the molar mass of the solute. 


Solution Molar mass of solute, 

Wo Mi p° 

ey ay Ppr 
Wi Ap 


Loss in solution bùlbs = 1.0180 g 
Loss in water bulbs 


= 0.0435 g | 
Total loss = 1.0180 + 0.0435 = 1.0615 g 
Relative lowering of vapour pressure, | 
AP L Lossin water bulbs _. 0.0435 
p“ Total loss ~ 1.0615 


Wt. of solute, w, = 133.3 g 
Wt. of solvent, w: = 1000 g 
Molar mass of water, M, = 18 


LBS Sis Lois 
OS ee 0.0435 = 58.6 
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41.3 ELEVATION OF BOILING POINT 


The vapour pressure of a solution is less than that of the pure solvent. 
Therefore, the solution has to be heated to a higher temperature for its 
vapour pressure to become equal to atmospheric pressure (boiling point). 
Thus, the boiling point of the solution will be higher than that of the 
solvent. The difference between the boiling points of the solution (7;) 


and the pure solvent (Tj) at any given pressure is termed as the 
elevation in boiling point (AT;,). 
RT? 
AHevap ** 
where AHevap is the enthalpy of evaporation of the pure solvent. As, 


AT, = (11.6) 


for a given solvent, 7; and AHevap are constant, the elevation in 


boiling point is directly proportional to the mole fraction of the solute 
only. Thus, it is a colligative property. In terms of molality (moles of 


solute per thousand grams of the solvent) 7, 
T, = Kym (11.7) 
where K, is the molal boiling point elevation constant or ebulloscopic 


constant and is expressed as 


ia 2 
RT; XM RT} 
Ks = Kifevap X 1000 ~ Ahevap X 1000 (11.8) 
where Ahevap = Hoven (enthalpy of evaporation per gram 
Mı 8 


Knowing K, and AT, the molar mass of solute can be calculated 
from the relation, 


M, = X000 (11.9) 


w, x AT, 


“41.4 MEASUREMENT OF THE ELEVATION OF BOILING POINT 


There are two methods. 


Landsberger’s Method 

In this method, the boiling point of the solvent is determined by raising 
its temperature by the condensation of the solvent from another flask. 
The latent heat of condensation raises the temperature of the solvent to 
boiling point. A weighed amount of solute is then added and the 
boiling point of the solution determined again. 
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Cottrell’s Method 


In this method, the thermometer is kept at sucha position that when the 


liquid in the tube starts boiling, the bulb of the thermometer is bathed 
in the boiling solution. After determining the boiling point of the 
solvent, a known weight of solute is added and its boiling point 
determined. This method is more accurate. 


EXAMPLE 11.4 (SI Units) Calculate the ebulloscopic constant for 
benzene from the following data: 

Boiling point, T, = 353 K, AHevap, m = 30.8 kJ mol-! 
Solution Ebulloscopic constant, 


RTM 
~ 1000 AHfevan, » 


R= 8.314 J K~ mol, Te = 353 K, 
AHevap, m = 30.8 kJ mol~1 
M = 718 g mol-t 


jo (8.314 J K- mol) x (353 K)? (78 g mol“) 

ot) X13 93K)? X (78 g mol) 

1000 g/kg x (30.8 10° J mol +) 
= 2.62 K molkg or 2.62 K/(mol kg-) 

or = 2.62 Km-} [m = mol kg] 
EXAMPLE 11.5 The latent heat of vaporization of water is 539 cal g-? 
and the boiling point 100°C, Cal 
solution containing 10 g of urea ( 


Ky 


Culate the boiling point of an aqueous 


molar mass = 60) in 250 g of water. 
Solution The change in boiling point, 


AT, = K,m 
m = Moles of urea — _ 10/60 
kg water 250 x 10-3 
= 0.667 mol kg- 
RT» 
K, = 


1000 Ahevap, » 
R = 1.98 cal mol! K~, T; = 100+273 = 373K, 
Ahevap, m = 539 cal EL 


K, = (1-98 cal mol K-)x (373 K)? 
(1000 g/kg) x (539 cal g~) 
= 0.511 K mol kg 
= 0.511 K/(mol kg~) 
Now, AT, = K,m 


or 


= (0.511 K kg mol”) x (0.667 mol ke) 
= 0.34 K 
Change in boiling point = 0.34° 
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Thus, the aqueous solution will boil at 
T = T} + AT» = 100+0.34 


or T = 100.34°C 
EXAMPLE 11.6 The boiling point of a solution containing 2.56 g of a 
substance X-per 100 g of water is higher by 0.052°C than the boiling 
point of pure water. Calculate the molar mass of the substance if the 
ebulloscopic constant of water is 5.12 K/(mol/100 g). 


Solution Molar mass of the compound, 
1000 wə 
AT, wy 
> AT, = 0.052, we = 2.56 g, wi = 100 g 
Ks = 5/12 K/(mol/100 g) = 0.512 K/(mol kg7) 
_ 0.512 x 1000 X 2.56 


M: = — 9.052% 100 TAA 


Note: One should be careful while using the value of K, or Ky. It may be expressed 
as K/(mol per 1000 g), i.e. K/(mol per kg) or K/(mol per 100 g). The value in the 
latter case is ten times the value in the former case, e.g, Ky for water is 0.512 K/(mol 
kg-1) or 5.12 K per mol per 100 g. . 


M: = K, 


11.5 DEPRESSION IN FREEZING POINT 


The freezing point is the temperature at which the vapour pressures 
of the solid and liquid states are the same. The vapour pressure of the 
solution is less than that of the solvent. Therefore, it can be in equili- 
brium with the solid phase at a lower pressure and hence, at a lower 
temperature. The difference in freezing points of the solution (Ty) and 


the pure solvent (T?) ata given pressure is referred to be the depression 
in freezing point (AT;). y 
RT? 
Oris = 
where AHfus is the enthalpy of fusion of the solvent. Since, for a given 


AT; = (11.10) 


solvent, T? and AHtus are constant, the depression in freezing point 


depends only on the mole fraction of the solute. Hence, it is a colliga- 
tive property. It may also be expressed as 
AT; = Kym (11.11) 
where Ky is the molal freezing point depression constant or the cryoscopic 
constant and is expressed as 
RT? M, RT’, 
AHtusX 1000 Afitus 1000 - 


K = (11.12) 
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where Ahtus = ae is the enthalpy of fusion per gram. 
1 


Knowing Ky and the depression in freezing point, the molar mass of 
the solute (M2) can be calculated fiom the relation 


_— 1000 we 
BTE rc pre (11.13) 


116 DETERMINATION OF DEPRESSION IN FREEZING POINT 


EXAMPLE 11.7 The enthalpy of fusion of benzen 
freezes at 5.48°C. What is its molal d 


Solution Molal depression constant, 


e is 30.05 cal g 1 and it 
€pression constant ? 
o? 
PN RTS 
1 Dhrus 1000 
R = 1,98 cal K-1 mol", ip 
Ahtus = 30.05 cal g= 


(1.98 cal K-1 mo]-1 
pk )X (278.48 K): 
7 (30.05 cal g=1)x (1000 g/kg) 
=5.11 K kg mol or — 5.11 K/(mol kg) 


= 5.48+273 = 278.48 K 


f pure wa 
the molar mass of the solute. rae EE 
Solution Molar mass of the solute, 
— g, 1000 w, 
Ma = K; 1X AT; 


Wa = 2.50 g, Wi = 100 g, 


AT; = 0, 
K; can be calculated as á ISE 


RT. 
f 
K =n ak ee 
f Ahtus X 1000 
T; = 273K, R= 83143 K- 


mol-1, 
Ahtus = 333.86 J gt 
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(8.314 J K+ mol~) X(273 K)? 


OE K (1000 J/kg) x 333.86 J gt 
= 1.86 K/(mol kg-4) al 
m, — {1:86 K kg mol™) x 1000 x (2.50 g) 


a (100. g) x (0.42 K) 
=110.7g mol 
or Molar mass = 110.7 
‘EXAMPLE 11.9 The molal depression constant for benzene is 5.12 K. kg 
mol. A solution containing 1 g of solute per 100 g of benzene freezes 
at 5.1°C. What is the molar mass of the solute (freezing point of pure 
benzene is 5.5°C) ? 
Solution Molar mass of solute, 
1000 we 
wX AT; 
w, = 1008, wa=lg, Ty = 5.5—5.1 = 0.4, 
Ky = 5.12 K kg mol? 
M= — (5.12 K kg mol?) x 1000x (tg) 
(100 g) x (0.4 K) 

= 128 g mol" 


M: = K; 


11.7 OSM OSIS AND OSMOTIC PRESSURE 


When a solution is separated from the pure solvent by a semipermeable 
membrane (which permits the flow of solvent but not of solute), it is 
observed that the solvent passes through the membrane into the solution. 
The phenomenon of flow of solvent across a semipermeable membrane, 
from the pure solvent to the solution side, is called osmosis, 

The pressure which must be applied to a solution to prevent the flow 
of solvent into it through the semipermeable membrane is called osmotic 
pressure, Solutions having the same osmotic pressure are, called isotonic 
or isoosmotic. Obviously, two isoosmotic solutions separated by a semi- 
permeable membrane will show no net flow of solvent. 


418 VAN’T HOFF LAW FOR OSMOTIC PRESSURE 


Van’t Hoff (1886) showed that the results of osmotic pressure G for 
any solution could be expressed as 


a = CRT 
or Lae (a) RT 
nV = nRT j (11.14) 


or 
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where C is the concentration of solute (mol 1-1), R the gas constant and 
T the temperature. This shows that osmotic pressure at any given tem- 
perature depends upon the molar concentration of the solute only, and 
hence is a colligative property. 

Molar mass can be calculated from osmotic pressure by the relation, 


RT w. 
M, = “y (11.15) 


Reverse Osmosis 


If, in the case of a solution separated from the pure solvent by a 
semipermeable membrane, the pressure applied on the solution is more 
than the osmotic pressure, the solvent will start flowing from the solution 
towards the pure solvent. This phenomenon is called reverse osmosis. 
It has acquired importance in the process of converting sea water into 
fresh water, or concentrating dilute solution without spending too much 
energy. 


11.9 DETERMINATION OF OSMOTIC PRESSURE 
Two important methods are used. 
Pfeffer’s Method 


In this method, a porous pot (a semipermeable ferrocyanide mem- 
brane is deposited in the pores) is filled with the aqueous solution, sealed 
at the top, bt Connected to a manometer, Water seeps inside and the 
pressure on the manometer increases till a con i 

: à stant valu 3 
The final value is the osmotic pressure. alue is geacHeg 


Berkley-Hartley Method 


In this method, the solvent is put inside a 
This is placed in a bronze vessel containin 
can be applied and measured. Pressure j 
that there is no flow of solvent through the semi 

h , noy mipermeabl on 
either side. This gives the osmotic pressure. j ei ia 
EXAMPLE 11.10 What will be the osmo 
taining 3.42 g of sugar in one dm? 
sugar = 342)? 


Porous pot with side tubes. 
g a Solution to which pressure 
s applied on the solution so 


tic pressure of a solution con- 
of solution at 27°C (molar mass of 


Solution Osmotic pressure, 
mV = nRT 
Moles of sugar dissolved = —2428 _ 
F 342 g mor? 0.01 
Volume V = 1 dm? 


R = 0.082 dm* atm mol! K-1 and T = 273+27 = 300K 
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— (0.01 mol) x (0.082 dm? atm mol7! K-13) x (300 K) 
1 dm? 


= 0.246 atm 
EXAMPLE 11.11 (SI Units) The osmotic pressure of a solution contain- 
ing Sg sucrose in 250 cm? is 1.45x10° N m= at 298 K. What is the 
molar mass of sucrose ? 


Solution mV = nRT 
_ Wa RT 

~ MY 
Ww. RT 
or M, BET 

Wa = 5 g, V = 250 cm? = 2.5x 1074 m3, 

R = 8.314 J K~ mol 

T = 298 K, m = 1.45X10°N m~? 
(5.0 g) X (8.314 J K1 mol™2) x (298 K) 


Ms =- 45x 10° N m3) xQ2.5x10 ima) U= Nm] 
= 341.7 g mol" 
or, Molar mass = 341.7 


EXAMPLE 11,12 The average osmotic pressure of human blood at 37°C 
is 7.6 atm. What will be the total concentration of the various solutes 
in blood? What will be the freezing point if the molarity is taken to be 
equal to molality (Ky = 1.86 K/mol kg™)? 
Solution Osmotic pressure, 

a = CRT 


or C= sr 
R = 0.082 / atm K~! mol", 
T = 273+37 = 310K, m = 7.6 atm 
7.6 atm 
z 082 / atm K™ mol!) X (310 K) 

Now, molality, m = 0.299 

AT; = K; m = 1,860,299 = 0,556 
Since freezing point of water is 0 °C, blood will freeze at —0.556°C. 


= 0.299 mo] l-1 


11.10 COLLIGATIVE PROPERTIES OF SOLUTIONS IN SOME 
SPECIAL CASES 


Solutions Containing a Mixture of Solutes 


Colligative properties depend only on the total number of the parti- 
cles (molecules, atoms, ions or aggregates) and therefore will depend on 
the number of molecules from the different solutes present. When two 
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or more solutes are present, the relations become 
(a) Relative lowering of vapour pressure, 
Ap 2m,XM, (where m, is the molality of each solute 


pa 1000 and M, its molar mass) 
(b) Elevation of boiling point 
AT, = K, 2m, 
(c) Depiession in freezing point 
AT; = Ky Zm, 
(d) Osmotic pressure 
m = (ZC) RT (Ci is the molarity of each solute) 


Dissociation of the Solute 


Molecules of certain substances (e.g. electrolytes), when dissolved in a 
solvent, dissociate to give two or more particles. Colligative properties 
of such solutions are large compared with the values calculated from 
simple relations. For example, consider the dissociation of AB as 

AB = A+B 

If the degree of dissociation is « and m moles of AB are present in 

1000 g of the solvent, then the concentration of species is 

[AB] = m(1—a) ; [A+] = ma; [B7] = ma 
The sum of the molalities of all species = m(l1—a)+ma-+ma = m(1+ 2%) 
Thus, colligative properties will depend on m(1-+«) particles rather than 
m particles. In order to account for abnormal cases, Van’t Hoff intro- 
duced a factor i known as the Van’t Hoff factor. 

į — Observed property _ Normal molar mass 
Normal property Observed molar mass 
Ap__ AT, AT; 7 _'M, 
(Ap), (AT), (AT), (a), OM 
where the quantities without the zero subscripts refer to experimental 
observed properties while those with subscripts refer to normal calculated 
values on the basis of ideal behaviour (i.e, assuming the solute to be 
nonelectrolyte). 


or i= 


Association of the Solute 


There are substances which undergo association in some ‘solvents. 
For example, benzoic acid dimerizes in nonpolar solvents. The total 
number of particles will be less than the number of molecules of the 


substance added and, therefore, colligative Properties will be lower- 
For example, consider ‘ 


2A = (A), 
Let m be the molality of the solution 
p. Then, molality of each species is 
[Al = mp/]2 
[A] = m (1—p) 


and the: degree of association 
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Sum of molalities = m (ip) +? 


m(1- 2) 


Tbus, properties will correspond to m [- 2] particles rather than 


ll 


m particles. 


Complex Formation 


In certain cases, two solutes or their dissociated products may react 
with each other to give one or more complexes. The molality of each 
species in the solution will depend on the equilibrium constants of such 
reactions. Thus, the measurement of any cOlligative property over a 
range of concentrations may give us information regarding the possible 
reactions between different species in the solution and their equilibrium 
constants. ' 


EXAMPLE 11.13 A solute containing 1.23 g of calcium nitrate in 10 g 
of water boils at 100.975°C. Calculate the apparent degree of ionization 
of the salt (K, for water is 0.52 K mol”? kg). 


3 A 1000 wa 
Solution AT, =,.K; “M; m 
0 
Observed molar mass, M, =Ķ, A 
w = 10g, ws = 1.23g, AT, = 100.975—100 = 0.975, 
K, = 0.52° K mol! kg _ 
(0.52 K mol! kg) X 1000 x{(1 23 2) 
n ta Ma a TOE K en GD; 
E nena =0975K)X U00) a5 
Normal molar mass = 164 
5 `~ -Normal molar mass 164 
Van’t Hoff fact or? = ~ Op served molar mass 63.0 
Now, Ca(NOs), = Ca** + 2NOs - 
If a is the degree of ionization, 
Ca(NOs3)2 == Ca** + 2 NOs” 


(1—a) a 20 
_ l—atat2æ _ 164 
Fy 1 ~ 65.6 
164 
or 1+ 20 = 656 
a = 0.75 


Os) = 75.0% 
tion of potassium ferrocyanide 
Calculate the osmotic pressure 


Degree of jonization of Ca(N 
A decimolar solu 


pLE 11.14 
T dissociated at 290 K. 


Ka[Fe(CN)al is 46% 
of the solution. yer se 
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Solution The osmotic pressure, 
nV =nRT 


n=0.1 mol, V= dm3 = 1x10- ms, 
R = 8.314 J K~ mol1, T = 290 K 


nRT _ (0.1 vol) X (8.314 J K- mol-1) X (290 K) 
. r= —_- = 
ef yV 


1X 10-3 ms 
= 2.41 X 10° N m= 


(J= N m) 
Let « be the degree of dissociation 
K,[Fe(CN),] = 4K* + [Fe(CN,)]*- 
After dissociation: 1 — « 4a a 
Particles after dissociation = 1 — @+4a+a=] +4a 
Vant Hoff factor i= ara See pisite lti 


a = 46% = 0.46 
Normal osmotic pressure = 2.41 X 105 N m-2 
Observed osmotic pressure _ 1+4x 0.46 
0) 24i X 10) Wm = Ae 


1 
Observed osmotic pressure = 2,41 x 105 x 2.84 


= 6.84 X 105 N m-2 


benzene to form the dimer 
(CoHsOH)>. The freezing p tion containing 5 g of phenol in 


Calculate the degree of associa- 
(K; for benzene = 5.12 K mol" kg). 


Let us first calculate the obser 
= g, 1000w, 
M, = Ky AT; Wy 


Solution ved molar mass, " 


Ky = 5.12 K mol kg, 
AT; = 0.70 
5.12 x 1000 x 5 
Me NOx o = 1463 
Let degree of association of phend = x 
Phenol associates as 


W = Sg, wı = 250 g, 


2C,.H;0H = (C;H;OH), 
1-—x x/2 
Total particles after association 


Particles after association, 


=]— eg a. 
i ees et 2 
Particles after association 
— ater association 
Normal particles 


Now Normal molar mass 
GS 
> Observed molar mass 


Normal molar mass 


=.94 
255 Je 1~(x/2) 
i Magee 
or x = 0.715 


Thus, degree of association of pheno] = 71.5% 
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MISCELLANEOUS EXAMPLES 


ExAMpLe 11.16 An aqueous solution freezes at —0.20°C. What is the 
molality of the solution? Also calculate 

(a) Elevation in boiling point 

(b) Lowering of vapour pressure at 25°C 
Given that K; = 1.86 K mol kg, K, = 0.512 K mol” kg and vapour 
pressure of water at 25°C = 23.756 torr. 
Solution Freezing point of water =0°C 


Freezing point of solution = — 0.20°C 
Lowering in freezing point, AT; = 0.20°C 


Now, AT; = Kym 
AT; 0.20 
or E ee ey) a 
m K; 1.86 0.107 


(a) Elevation in boiling point, 

AT, = K, m = 0.512 X 0.107 = 0.0548°C 
(b) Lowering of vapour pressure, 

Ap am ie Konor 
pe ~«000/My 1000 

p° = 23.756 torr. 

; _. 0.107 X 18 X 23.756 _ 
oe A Ap = cT a 0:0458 torr 
olution containing 5% of a substance X is isotonic 
Calculate the molar 


EXAMPLE 11.17 As 
with a solution containing 10 g_of urea per litre. 


mass of substance X, 
Solution The-solutions are isotonic, 
m (substance X) = ~ (urea) 


A 5% solution of substance X contains 5 g of substance X in 100 ml of 


solution, > 
n= a V = 100ml 
nie wen, 
m Gütstancs 2) E ioom RF 
For urea solution, 
iW 4 
n= 6? V = 1000 ml 
10 
7 (urea) = gx 1000 RF 
am Oho 
Thus, foom ~ 60% 1000 
or M = 300 


Molar mass of compound = 300 

The latent heat of vaporization of carbon disulphide 
its. boiling point is 46.2°C. A solution of 0.938 g 
g of CS: boils at 46.38°C. Calculate the apparent 


EXAMPLE 11.18 
is 85.9 cal gt and 
penzoic acid in 50 
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molar mass of benzoic acid. On the basis of this result, what can you 
comment about the molecular state of benzoic acid in this solvent ? 


Solution Molar mass of benzoic acid, 


_ Ky X we X 1000 
Ma AT, X Wy 


T; = 46.2°C, T, = 46.38°C, 


AT, = 46.38 — 46.2 = 0.18 
Wi = 50 g, we =0.938 g 
K, can be calculated as 


RT? 

t Bh, xX 1000 
R = 1,98 cal K~! mol, T; = 46.2 + 273 = 319.2 K 
Ah, = 85.9 cal p-1 
Ky = 1087 X (319.298 Goat = 235K mol kg 

(2.35 K mol kg 


Re —) x (0.9380 g) x 1000_ 
(0.18 K) x (50.0 g) 
= 244.9 
Since the observed molar mass of benzoic acid is almost twice than 
the actual molar mass (122), the solu i i 


EXAMPLE 11.19 In cold climates, 


the. water in a car 
damage to the radiator, Ethylene gi 
agent. Estimate th> amount of ethyle 


gets frozen causing 
ycol is used as an antifreezing 
ne glycol that should be added 


freezing at — 7°C, (K, for water 
= 1.85 K mol kp), er: d 
Solution AT, = K, (SR) 
M: wi- ~ 
AT =7K, K= 1.86 K mol- kg, w, = ?, w =5 x 10° g 
M, = 62 Why £ 
pee ATM ret = - 
2 1000 Æ; 
= 7X 62x 5x {Qs 
~ L86X 1000 = 1167 g = 1.167 kg 


EXAMPLE 11,20 A solution containin 


of water is cooled to T 10°C: Hog much ice will separate? The molal 
freezing point depression constant K; for water = 1.86 K mol- kg. 
Solution At —10°C, ice crystallises out from an aqueous solution. The 


weight of ethylene glycol remains the same as initially present. Weight 
of ethylene glycol initially present = 25 g per 100 g of water. 


g 25 g of ethylene glycol in 100 ml 
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Now, AT =K m 
AT = 10, Ky = 1.86 K mol™ kg 
GATE peels esl 
mS Kal Dodson 5.38 mol kg 
At —10°C, 5.38 mol or 5.38 X 62 g of ethylene glycol is present in 


1000 g of water. 
z i 1000 
25 g of ethylene glycol will be present in = 538 x62 
= 74.95 g of water 
Weight of ice sepirated at —10°C = 100 — 74.95 = 25.05 g 


x 25 


QUESTIONS 


Numerical Problems 

11.1 (SI Units) The vapour pressure of water at 298 K is 3.15 x 108 Nm-* 
Calculate the vapour pressure of a solution containing 3 g of urea in 100g 
of water. 

11.2 The vapour pressure of pure water at 25°C is 23.756 torr and that of a 
solution containing 5 g of solute in 100 g of water is 23.402 torr. Calculate 
the molar mass of the solute. 

11.3 A current of dry air was passed through a series of bulbs containing a 
solution of 4.206 g of a substance in 100 g of ethyl alcohol, and then through 
pure ethyl alcohol. The loss in weight of the former was 1.0165 g, and in the 
latter was 0.0425 g. Calculate the molar mass of the solute. 

11.4 (SI Units) At a certain temperature, the vapour pressure of water is 
1.22 x 101 N m-2, On dissolving 18.2 g of anon-electrolyte A in 100g of 
water, the solution had a vapour pressure of 1.16 x 10¢N m°. What is the 
molar mass of A ? 

11.5 Calculate the ebullioscopic constant for benzene and carbon disulphide from 


the following data: 


AHevap. m (cal mol-!) Boiling point (°C) 


Benzene 7363 80.2 M4. 22 
CS: 6400 46.3 


11.6 The boiling point of a solution containing 25.6 g of a substance X per 
thousand grams of water is higher by 0.0514°C than the boiling point of pure 
water. Calculate the molar mass of X, if the ebullioscopic constant of water 
is 0.514 K/(mol kg). 

11.7 The molal elevation constant of benzene is 2.52 K kg mol-1. A solution of 
some organic solute in benzene boils at a temperature 0.125° higher than 
benzene. What is the molality of the solution ? 

11.8 (SI Units) Ten grams of sucrose are dissolved in 200 g of water. Calculate 
(a) the boiling point and (b) the freezing point of the solution (For water, 
Kp = 0.512 K/(mol kg~’), K; = 1.86 K/(mol kg“). 

i ide, AH evap-m = 30.0 kJ mol-? and 
SI Units) For carbon tetrachlori Bs) SA Hevepin 

od s = 350K. When 2g of a substance A is dissolved in 5 x 10-* kg of CCh, 

boiling point is raised by 0.526 K. Calculate the molar-mass of substance A. 
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11.10 


11.11 


11.12 


11.13 


11.14 


11.15 


11.16 


11.17 


11.18 


11.19 


11.20 


11.21 


11.22 


11.23 


11 24 


The freezing point of a solution of 0.321 g of naphthalene in ape g = 
benzene is 5.155°C, while the freezing point of the pure solvent is ms A 
the molecular depression of freezing point per 100g of the solv 
51.2 K/(mol per 100 g), calculate the molar mass of papiinalene: } hk 
A substance weighing 1.355 g was dissolved in 55g of acetic acid. i. 
produced a depression of 0.618°C in the freezing point. Calculate the Ta À 
mass of the dissolved substance. Ky for acetic acid = 38.5 K/(mol per 100 g). 
(SI Units) Calculate the molar mass of a solute, 1 g of which, in poe 
depresses the freezing point of 50g of benzene by 0,516 K (Ky = 5. 
mol-}), ; e 
The osmotic pressure of a solution containing 4 g of the solute per S 
the solution is 0.41 atm at 27°C. What is the molar mass of the solute ? , 
(SI Units) Calculate the osmotic pressure of a solution containing 10 g O 
cane sugar in 500 cm? at 300 K. Molar mass of cane sugar = 342. ; 
The boiling point of an aqueous solution containing 6 g of the solute in 250 g 
of water is 100.052°C, What is its molar mass? What will be its eye 
Pressure at 27°C if molality is taken to be equal to molarity [K, = 0.52 K kg 
mol-1]? 3 
Calculate the osmotic pressure, at 25°C, of a solution containing 0.3428 © 
sucrose (molar mass = 342), 0.36 g of glucose (molar mass = 180), and 0.03 8 
of urea (molar mass = 60) in 100 ml of solution. f 
(a) What is the osmotic pressure of a solution containing 1 mol dm~? O 
solute at (i) 0°C and (ii) 25°C, of 
(b) What Is the molarity of a solution with an osmotic pressure ¢ 
2 atmosphere at 25°C? What volume of this solution would contain 
1 mole solute ? 
(SI Units) A solution containing 0.5 g of a polymer in 50 cm? of ae. 
solution gave an osmotic pressure of 5.9 x 10? N m-? at 298 K. What is t 
relative molar mass of the polymer ? 
A solution is prepared by dissolvin 
1000 g of water. Calculate: 
(a) Osmotic pressure at 25°C; 
(b) Freezing point of the solution (K; for water = 1,86 K/(mol kg) 
(c) Boiling point of the solution (K, for water = 0.511 K/(mol kg-?) 
(d) Vapour pressure at 25 
25°C is 23.76 torr. 
One litre of an a 


36 g of glucose (molar mass = 180) 1? 


at 
°C, given that the vapour pressure of water 


: rea 
queous solution contains, besides water, (a) 3 g of u 


is 
(b) 3.01 x 102? molecules of sugar and (c) 0.04 moles of glucose. What ? 
the osmotic pressure of the solution at 27°C? 


A decimolal solution of nitrous acid (HNO;) freezes at 0.195° below the 
freezing point of water. Calculate the percentage ionization of nitrous act 
(K; for water = 1.86 K kg mol-}), 

A 2% solution of anhydrous AICI; (molar mass = 133.5) is isotonic with 4 
6.5% solution of glucose, Calculate the Percentage dissociation of AlCls- 
The boiling point of a solution containing 6.5 g of BaCla (molar mass = 209) 


i ; iation 
in 200 g of water is 100.21°C, Calculate the apparent degree of dissociati© 
of BaCl, at this Concentration, 


z n 
The molal boiling point elevation const# 
for water is 0.514 K/(mol kg-1). 


(ST Units) An- aqueous sol 


of 
s ution was found to have anlosmotic “igen is 
3.0 x 105 N m=? at 298 K, What will be the freezing point of the solu 
(K; for water = 1.86 K kg mol-1) 2 
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11.25 Calculate the freezing point of a solution containing 6 g of phenol in 100.g 
of benzene if 80% of the phenol associates into (C,H,OH): in benzene at 
this concentration. The freezing point of benzene is 5.5°C and Ky for 


benzene is 5.12 K kg mol"? 
QUIZ QUESTIONS 


Type A: Multiple Choice 
41.26 Colligative properties depend upon the 
(a) relative number of solute molecules in solution and the nature of the 
solvent 
(b) relative number of solute molecules in solution and their nature 
(c) r lative number of solute molecules and the nature of solute and solvent 


(d) relative number of solute molecules, irrespective of the nature of the 
solute and solvent 


11.27 Which of the following is a colligative property ? 
(a) viscosity 
(b) surface tension 
(c) osmotic pressure 
(d) boiling point 


11.28 Which of the following properties does not depend upon the number of 
solute particles ? 
(a) elevation in boiling point 
(b) osmotic pressure 
(c) depression in freezing point 
(d) boiling point of solvent. 


11.29 If x, and x, are the mole fractions of the solvent and solute, respectively, p° 
the vapour pressure of the pure solvent, and p the vapour pressure of the 
solvent above a given solution (solute being nonvolatile), then, according to 
Raoult’s law, 

(a) P =p x 

(b) p=p° (1 — x2) 

(c) p— P? =x% — X 
po—p_ X 

Oo TE 

11.30 The temperature at which vapour pressure becomes equal to the external 
pressure is called the 
(a) saturation point 
(b) critical temperature 
(c) elevation temperature 
(d) boiling point 

11.31 The freezing point of a solvent 
(a) will Increase on adding a solute 
(b) will decrease on adding a solute 
(c) will not change on adding a solute 
(d) may increase or decrease on adding a solute, depending upon its nature 


11,32 Iso-osmotic solutions are those which have the same 
(a) osmotic pressure 
(b) vapour pressure lowering 
(c) molality 
(d) ebullioscopic constant 
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11.33 


11.34 


11.36 


11,37 


11.38 


11,39 


11.49 


11.41 


In the Rast method for the determination of molecular masses, camphor has 
been used because of its 


(a) high molal depression constant 

(b) convenient melting point 

(c) low molal depression constant 

(d) easy availability 

The osmotic pressure of a solution with a definite concentration 

(a) varies directly as the volume and temperature 

(b) - varies inversely as the temperature 

(c) varies inversely as the volume and directly as the temperature 

(d) independent of temperature. but varies inversely as the volume 

The relative lowering of vapour pressure of a solution on the addition of a 
non-volatile solute 

(a) is equal to the mole fraction of solute 

(b) is equal to the sum of the mole fraction of solute and solvent 

(c) depends upon the nature of the solute 

(d) depends upon the nature of the solute and solvent 

Which of the following aqueous solutions would exhibit abnormal osmotic 
pressure ? 

(a) 0.1 M NaCl 


_ (b) 0.1 M glucose 


(c) 0 01 M glucose 

(d) 0.1 M urea 

Which of the following solutions would have the largest depression in 
freezing point ? 

(a) 1% glucose 

(b) 1% KCI 

(c) 1% BaCl: 

(d) 1% sucrose 


Which of the following methods is used for the determination of osmotic 
pressure ? 


(a) Cottrell method 

(b) Landsberger’s method 

(c) Beckmann’s method i 
(d) Berkeley and Hartley’s method of 7 


Thie molar BES of a solute in a solvent can b» calculated from the elevation 
in boiling point using the relation 


ie) - Ky x 1000 x wt. of solvent ` 


AT, X wt. of solute 
(b) 1000 x wt. of solute 
K; 
b X AT, X wt. of solvent 


() 1000 x K, x wt. of solute 
AT, X wt. of solvent 
(a) AT, x Kn x wt. of solute 
1000 x wt. of solvent 
The flow of a solvent into a solution w 
permeable membrane is called 
(a) diffusion b i 
(c) effusion is tea. 
Sea water i ed i 
E aan into fresh water based upon the phenomenon of 
(b) sedimentation 
(c) reverse osmosis 
(d) diffusion 


hen the two are separated by a semi- 


11.42 


11.43 


11.44 


11.45 


11.46 


11.47 


11.48 


11.49 
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In a dilute aqueous solution the relative lowering in vapour pressure (Apip?) 
is related to osmotic pressure (=) by the relation s 
(a) App? == 

(b) 22 =rRT 


A V 

Ap = 
(©) D URP 

Ap _ =RT 
(d) a le 


By adding a non-volatile solute to a solvent, the boiling point of the solvent 


(a) will increase 

(b) will decrease 

(c) will not change 

(d) may increase or decrease 

At the same temperature, 0.1 M solution of urea is isotonic with 
(a) 0.1M glucose solution 

(b) 0.1M NaCl solution 

(c) 0.05 M urea solution 

(d) 0.1M BaCl, solution 


If AT, is the elevation in boiling point for the electrolyte and AT} for the non- 
electrolyte of the same concentration, then Van’t Hoff factor i is 


(a) AT, x AT; (b) AT}/ATy 


AT, — AT; 


© ——9 (d) AT,/ATP 


If in a solvent, n simple molecules of solute combine to form an associated 
molecule, x is the degree of association, then Van’t Hoff factor is equal to 


@ 7 =a ®© = oa = 
1—%-+ = EEE 
(c) ce O 
Which of the following will have the highest boiling point at one atmospheric 
pressure ? 


(a) 0.1M solution of common salt 

(b) 0.1 M solution of sucrose 

(c) 0.1 M solution of barium chloride 

(d) 0.1 M solution of potassium chloride 

In a 0.5% aqueous solution of common salt (degree of dissociation=x), the 
observed molar mass obtained by the freezing point-depression method will 
be related to the actual molar mass (M) as : 

(a) MU -» (b) MU x 

(c) MU +) (d) M/2x 

Which of the following effects is not observed whena non-volatile solute is 
added to a solvent? 

(a) decrease in yapour pressure 

(b) lowering of freezing point 

(c) elevation of boiling point 

(d) increase of freezing point 
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ilin 
a solvent with heat of yaporisation per gram, hevap and normal boiling 
nee eat T, the ebullioscopic constant, K, (K mol- kg) is 


RT: (b) hesap X 1000 

@ a5 x 1000 abet 
1000 RT? (d) n 

O a 


Which of the following aqueous solutions has osmotic Pressure nearest to 
oe faster an equimolar solution of Ką Pes 
(a) CuHnOn D ya « 
(c) Ala(S04): d ) ada S ii ; 
Which of the following compounds in their aqueous solutions (1 M, assum 
as all salts to be 90% dissociated) will have the maximum osmotic pressure? 
1 
KCl (b) BaCl, 
S FeCl, (d) (NHy):PO, 
Consider a 0.1 M solution of two solutes A and B. A behaves as a non- 
‘ie electrolyte while 80% of B dimerises. Which of the following statements is 
t regarding these solutions: 
fas like toiling Point of solution A will be less than that of B. 
(b) The osmotic pressure of solution B will be more than that of A, 
(c) The freezing point of solution of A will be less than that of B. 
(d) Boiling points of both solutions will be the same, 
11.54 Ata constant temperature, with increase in concentration of solute, the 
: osmotic pressure of a solution 
(a) increases 
(b) decreases 
(c) remains constant 
(d) nothing certain 
11.55 Fora solution Containin: 


B three solutes, 4 
Ma, mp and mo, 


„B and C having concentrations 
respectively, the ratio bet 


ween elevation of boiling point and 
depression of freezing point will be 

(a) FÈ Omg tms + mo) 

(b) a (1 — m4 — mg — me) 

© ze 

o% 


Type B: Multiple Choice (Numerical Problems) 


11.56 The vapour pressure of water at 20°C is 17.5 torr. 


The lowering of vapour 
pressure of a glucose solution is 0,0525 torr. The mole fraction of water is 
(a) 0.003 (b) 0.9970 
(c) 17.497 (d) 17.4475 
11.57 A solution of a non-volatile solute in benzene boj at 
0.126°C higher than benzene. How many moles of L P BIA nre 
of benzene (molal elevation constant of benzene~2 52 K kg/mol)? 
(a) 0,05 (b) 2.52 * 0.126/100 
(c) 0.005 (d) 5.0 
11.58 A solution contajnin 


than pure benzene, h e 
AE © solute (K; for benzen: 
(a) 204.8 (b) 128 

(c) 1280 (d) 20.48 
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41.59 An aqueous solution freezes at —0.186°C. The elevation in boiling point 
(Ky =1.86°, Ky = 0.512°) is 
(a) 0.186 (b) 0.512 
(c) 0.0512 (d) 0.512/1.86 

11.60 The osmotic pressure of a solution containing 4g of solute per litre of 
solution is 0.4atm at27°C. The molar mass of the solute is (R = 0.082 / 
atm mol! K~?) 
(a) 246 (b) 984 
(c) 24.6 (d) 98.4 

11.61 Water boils at 100°C. What will be the boiling point of a solution contain- 
ing 6g of glucose (mol. mass = 180) per 1000 g of water. Molal elevation 
constant for water = 0.513 K mol~ kg. 
(a) 101.539 (b) 100.017 
(c) 100.153 (d) 99.983 

41.62 Calculate the osmotic pressure of 6% urea (molar mass = 60) (R = 0.0821 
atm/mole-degree) 
(a) 22.4 atm (b) 24.6 atm 
(c) 2.46 atm (d) 27.3 atm 


11.63 Morse and Frazer observed that a solution of 20g of a compound per litre 
gave an osmotic pressure of 3atm at 27°C. The molar mass of the com- 
pound is (R = 0.082 / atm deg- mol-?) 

(a) 492 (b) 369 
(c) 164 (d) 496 
11.64 The molar mass of 0.5% sodium chloride has been found to be 30. What is 
the apparent degree of dissociation of NaCl at this concentration? 
(a) 0.95 (b) 0.475 
(c) 0.565 (a) 0.966 
11.65 Phenol associates, in benzene, to form double molecules. By the freezing 
point depression method, the Van’t Hoff factor has been found to be 0.54, 
To what degree is phenol associated? 


(a) 0.46 (b) 0.54 
i (c) 0.98 (d) 0.92 
Type C: True or False 


11.66 The molar mass of potassium chloride, determined by the osmotic pressure 
method, will be higher than the theoretical value. 

11.67 A semi-permeable membrane allows only solute molecules to pass through it. 

11.68 The boiling point of a solvent will increase on adding a non-volatile solute. 

11.69 The vapour pressure of a solution is higher than the vapour pressure of the 
solvent. 

11.70 The osmotic pressure of a dilute solution is the same as the pressure which 
the solution would exert if it existed in the gaseous state and occupied the 
volume of the solution. 

11.71 Relative lowering of vapour pressure is independent of both the nature of 
the solute and solvent. 

11.72 There will be no net flow of solvent when two iso-osmotic solutions are 
separated by a semipermeable membrane. 

41.73 The osmotic pressure of sodium chloride solution wil] be_more than that of a 
solution of the same concentration of glucose. 


11.74 Osmosis is due to the flow of solvent froma low (solvent) to high chemical 
potential (solution). 


41.75 Osmotic pressure is directly proportional to temperature. 
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11.76 Ifa solute associates in a solvent the depression in its freezing point will be 


more than the value when it does not associate. 


11.77 The process of osmosis in case of anim: 


al and vegetable cells js called plas- 
molysis. 


11.78 The phenomenon of the movement of particles of solute froma greater toa 
lesser concentrated solution is called diffusion. 


11.79 Vapour pressure is a colligative Property, 
11.80 In case of solutes which dissociate in a s 


‘olvent, the observed molar mass will 
always be less than its theoretical value. 


Type D: Fill in the blanks 
11.81 The relative lowering of vapour 


Pressure is equal to the mole fraction of 


11.82 Solutions which have the same Osmotic pressures are called —_— 
11.83 The boiling point of a solution is al 
of the pure solvent, regardless of at 


11.84 The osmotic pressure of a solution is directly proportional to 
and inversely proportional to ———____ 


11.85 The ratio of the theoretical molar mass to the observed molar mass is called 


11.86 The relative lowering in vapour pressure jg ———_____ Proportional to 
osmotic pressure, 

11.87 The temperature at which the vapour Pressure becomes equal to the atmos- 
pheric pressure is called —————— 

11.88 Benzoic acid dimerizes in water. The freezing point of its solution will be 
—————— than 0°C. 

11.89 The Cottrell method is us 

11.90 The process of conversion 


ways —————_ than the boiling point 
mospheric pressure. 


ed for measurement of the ————, 
Of sea water into fresh water is based on ———— 


ANSWERS 


Numerical Problems 
11.1 3132 x 10 Nm- 1/2 6 


-20 3.44 atm 
Quiz Questions ` 
11.26 (a) 11.27 (c) 11.28 (d) 11.29 (b) 11.30 (d) 11.31 (b) 71,32 (a) 
11.33 (a) 11,34 (c) 11.35 (a) 11.36 (a) 11.37 (c) 11.38 (d) 1139 (c) 
11.40 (b) 11,41 (c) 11.42 (c) 11.43 (a) 11.44 (a) 11,45 (d) 11.46 (c) 
11.47 (c) 1148 (b) 11.49 (d) 11.50 (a) 11.51 Cc) 11,52 (d) 11.53 (c) 
et o ite es na Oudl? 0. 11.58" (by TiSo (c) 11.60 (a) 
1.61 ( “02 (B) 11.63 (C) 11.64 (a) 11,65 (4 a ; 
False: Semipermeable membrane all @ ‘66 True 11.67 
11.69 False 11.70 True 1171 True 11,72 True 11.73 
11.75 True 11.76 False 11.77 False mp True 11.74 False 
11.81 solute 11.82 
11.85 Van’t Hoff factor 


ion in boili i ng point 11. 11.89 
elevation in boiling point 8 point 11.88 less 


12 


Phase Equilibria and 
Phase Rule 


The study of physical equilibria between different states of matter, 
consisting of one or more chemical species, forms the subject matter of 
phase equilibria. It involves three important terms: phase, component 
and degree of freedom. The relation between the number of phases, 
components and degrees of freedom is known as the phase rule. 


12.1 PHASE 


A phase is defined as the homogeneous, physically distinct and mecha- 
nically separable part of the system which is separated from other parts 
by definite boundaries. The number of phases Pin a heterogeneous 
system is the number of such homogeneous parts. 


Gaseous Phase 


All gases are completely miscible.* Therefore, even if a system contains 
a number of different gases or vapours, it can haye only one phase. 


Liquid Phase 
The number of liquid phases depends on the number of Jiquids and 
their mutual solubilities: 

(a) Two or more miscible liquids constitute one phase, e.g. water 
and alcohol. 

(b) Immiscible liquids constitute different phases, e.g. water and 
benzene exist in two phases. 

(c) For partially miscible liquids, the number of phases will depend 
on the composition, e.g. a mixture of water and ether exists as 
one phase at extreme compositions, but at intermediate compo- 
sitions the system consists of two phases. 


*Under normal pressure, all gases are completely miscible, However, it has been 
observed that at very high pressures, gases with weak intermolecular forces show 
gas-gas immiscibility (Refer G.M. Schneider, Adv. Chem, Phys., 1970, 17, 1). 
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Solid Phase 


The number of solid phases in a system is equal to the number of solids 
present in the system. The allotropic forms of a substance are consi- 
dered different solids and, hence, form different phases. 

solid solution or mixed crystals (considered as one solid 
another solid) must be regarded as a single phase, e.g. p- 
naphthalene, p-dichlorobenzene and p-dibromobenzene (so 
and mixed crystals of NaCl and KCl exist as single phases. 


However, a 
dissolved in 
naphthol and 
lid solutions) 


12.2 COMPONENTS 


The number of components C is defined as the smallest number of 


independent chemical Constituents required to express the composition 
of each phase in the system. 

It may be noted that the number of components is not equal to the 
total number of molecular species present in the system, but is the 
minimum number of molecular Species in terms of which the composition 
of all the phases may be expressed. For example, 

(a) The water system Consisting of three phases, 

ice(s) = water(1) = vapout(g) 
is a one-component system because all three phases are fully described 
in terms of H:O. The species H* and OH” are also present, but their 
Concentrations are related to that of H,O through the dissociation 
constant, 


» Monoclinic, liquid and 
@) The ayéten q vapour phases, 
CaCO3(s) = CaQ(s) + CO.(g) 
is a two-component System because the 


i composition of each phase i 
the system can be described in terms of E P 


any two of the constituents, 


12.3 DEGREE OF FREEDOM OR VARIANCE 


er of independen 
are necessary to define each 


t variables which 
: Phase. Their choice 
convenience. 


depends on our 


12.4 EQUILIBRIUM IN A MULTI-PHASE SYSTEM 


Equilibrium in a multi-phase System implies that the Properties of none 
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of the phases change with time. This requires the following conditions: 

(a) There should be equality of temperature of all the phases so that 
there is no net flow of heat from one Phase to the other (thermal 
equilibrium). 

(b) All phases should be under the same pressure so that there is no 
hydrodynamic flow of material from high pressure to low pressure 
regions (mechanical equilibrium). 

(c) The chemical potential of each component is the same for all the 
phases so that there is no net flow of any one component from one 
phase to another (composition equilibrium), 


12.5 PHASE RULE 


The relation between the number of phases P, the number of components 

C, and the number of degrees of freedom F was first deduced by J. 

Willard Gibbs (1878) and is known as the phase rule. It is expressed as 
P+F=C+2 4 


Deduction of Phase Rule 


It was deduced by counting the total number of intensive variables of 
the system required for describing all the phases, and Subtracting from 
these the number of relations which may exist between the values of 
these variables in different phases. 

In addition to variables p and T for the entire system, the composi- 
tion of each phase is described by (C—1) concentrations. For P phases, 
the total number of concentration variables are P(C—1), Thus, the total 
number of variables for all the phases are 

P(C—1) +2 

Now, the chemical potential of a component is the same in all phases 
under equilibrium. Therefore, for a system of P phases, for each com- 
ponent there are (P—1) relations equating the chemical potential in each 
phase. For C components, the number of such relations are C(P—1). 

Therefore, the minimum number of variables required, i.e. degrees 
of freedom F, is 

F= P(C—1) + 2 — C(P—1) 

or P+F = C+2 
EXAMPLE 12.1 Calculate the number of phases (P), components (C) and 
degrees of freedom (F) for the following systems: 

(a) Ammonium chloride in equilibrium with ammonia and hydro- 
chloric acid 

NHsCl(s) = NHs(g) + HCl(g) 

(b) ammonium chloride in equilibrium with ammonia and hydro- 
chloric acid With a certain amount of hydrochloric acid initially present 
in the system, 
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(c) Magnesium carbonate in equilibrium with its decomposition 
products. 


MgCO,(s) = MgO(s) + CO.,(g) 
Solution (a) Number of phases = 2 
Number of components = 1 
It is a one-component system because the concentration of NH; is 
always equal to the concentration of HCI in the vapour Phase. 
By phase rule, 
P+F=C42 
2+ F = 142 or F=1 
(b) Number of phases = 2 
Number of components = 2 
It is a two-component system because the concentration of NH; is not 
always equal to the concentration of HCl in the vapour phase. 
Pia Crt) 
2+ F=2+2 or F=2 
(c) Number of phases = 3 (two solid phases and one gaseous 


phase) 
Number of components = 2 


By defining the composition of two species (MgCOs, MgO), that of 
the third is automatically defined, 


P+F=C+2 
Brae OE = 2-9) or F= 1 


12.6 PHASE EQUILIBRIA IN ONE-COMPONENT SYSTEMS 
Single-Phase System 


A pure substance existing in a single phase (gas, 
will have F = 2 (P = 1,C = 1). 


as T, p for describing its state, 


liquid and solid) 
Thus, it requires two variables such 


Two-Phase Systems 


In the case of systems consisting of two phases, 
and liquid, vapour and solid, 
relation can be defined: 


pd ay AH transition 
aT T (V.=V) 


where AM transition is the enthalpy of transition for the conversion of one 


mole of the substance from Phase 1 to phase 2 and p, T and Vare 
pressure, temperature and volume, ‘ 


This is a general e i 
(a) Liquid-Vapour Equilibrium. Here ae 


( l and 2 (e.g. vapour 
liquid and solid or solid and solid), a 


AH transition = AHevap 


and K=Ve= Vrap —Viig 


Phase Equilibria and Phase Rule 245 


ap... AHevap 
dT —— T(Vvap — Vina) 

This equation is called the Clausius-Clapeyron equation. It can be 
simplified if the volume of liquid is negligible in comparison to the 
volume of vapour so that Vyap — Vua *Vvap and vapours behave as 
ideal gases so that 


RT 
Vvap = -Pi 
öt dp = AHevap Xp 
dT RT? 
and log? A Hevap 1 Epi 


Din- LS03ER EAE T 
(b) Solid-Vapour Equilibrium 
For solid-vapour equilibrium, AHtransition = AHsu» 
dp 1 AHsub ] 
dT T L Vvap —Vsoua 
For Vyap > Vsoua and vapours behaving ideally, 
dp 3 AHsub X p 
dT RT? 
pr ARTN PS ] 
Di C2303 R T weary 
(c) Solid-Liquid Equilibrium 
Here AHitransition =AHtus 


and log 


dp _ AF tas 
dT T(Visquia — Veorsa) 
d AH 
or TF = “Thies ks AVtus = Viiquia Vona | 


| (d) S lid-Solid Equilibrium 

If a substance changes from one crystalline form to another, 
dp zh AA transition 
dt ©  TVu — Vi) 

where V; and Vir are volumes in the two crystalline forms. 


EXAMPLE 12.2 The atmospheric pressure at Shimla on a particular day 
is 610 torr. At what temperature does water boil in Shimla on that 
day (AHevap = 40.67 kJ mol™)? 
Solution We have 
pi RA ol 
P 2.303 R mIs 
Tı = 2713+100 = 373, Pı = 760 torr 
pa = 610 torr, Ta =? 
AHevap, m = 40.67 kJ mol™ 
610 30:07 X10 | 2h ] 
108 760 = 2.303x8.314 L33 Tz 
Ta = 366.8 K = 93.7°C 


log 
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EXAMPLE 12.3 The vapour pressure of liquid 2, 2, 4-trimetbylpentane 
at 20.7 and 29.1°C are 40 and 60 torr, respectively. Estimate the 
enthalpy of vaporization of this compound. 


Solution 


P2 AHevap, n ie I | 
op, 230k LT T, 


Tı = 2734+-20.7 = 293.7K, pı = 40 torr 
T2 = 273+-29.1 = 302.1 K, Pa = 60 torr 


bo GOs DOR avant [ ESA ] 
°8 40 = 2.303x8.314 | 293.7 302 
__AHevap, m 302.1—293.7 
0.1761 = 57393 x 8.314 | 293.7%3021 
AHevap, m = 35.6 kJ mol`! 


EXAMPLE 12.4 The latent heat of fusion of water is 1440 cal mol", 
What will be its melting point at 5 atm if the densities of water and ice 
are 1 and 0.9 g cm™, respectively? 

$; dT rS T(V ua— sona) 
Solution Pa SAUT 
AHrtus = 1440 cal mol7}, Vug= fe cm?, Veoua= 7s =20 cm? 
Melting point of water at 1 atm = 0°C = 273.15 K ! 

aT _ 213.15(18—20) cm'K 
dp 1440 cal 
273.15 K X (=2 x 1077/) 


1440 x ( ET) atm] 


= —0.0092 K atm“! 
At Satm, dp=5—1=4atm 


dT = — 0.0092 x 4 = —0.0368 K 
Melting point at 5 atm = 273.15 — 0.0368 = 272.1132 K 


EXAMPLE 12.5 (SI Units) The molar volumes of water and ice are 


Tea O dm? mol and 19.64 x 10-8 dm? mats 
Calculate the change in freezin m? mol, respectively. 


; p & Point ofice with 1.01 x 103 2 
increase in pressure. (AHtus = 6,01 kJ mol), R 10° k Nm 
AHts 


E 
ļaT T(Vua = Faora) 
AHius = 6.01 x 10? J mol-1 
T = 273K 
Vi = 18.05 x 10-9 dm? mol} 
gp T EH 10d moj- 
CA Lv eer [6.015% 108 J mol 
dT (273 K) x [18:05;-x 10; 71964 X 10°] dm? mol? 


= —13846 J K-i dm = Í 13846 k Nm- K-1 


Solution 


s Veoua 
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Now, dP = 1.01 x 103k Nm“? 
Ee OIRA MOS KEN Mace eae, 
d= ae ENG KS ~ 003K 
Thus, temperature decreases by 0.073 K for 1.01 x 10°k N m? 


increase in pressure. 


Solid—Liquid Equilibria and Cooling Curves 


Solid-liquid equilibria are studied by the thermal analysis method. In 
this method, cooling curves (temperature-time) of the melts of various 
compositions are recorded, which help to recognise the separation of the 
solid by lowering or arresting the rate of cooling. The cooling curve of 
a pure (one-component) substance is shown in Fig. 12.1(a). Line ab gives 
the rate of cooling of the liquid, point b represents the beginning of 
freezing. The temperature remains constant until all the liquid is con- 
verted into solid, as indicated by the horizontal line bc. In other words, 
be represents the solid-liquid equilibrium. Line cd gives the rate of 
cooling of the solid. In many cases, super-cooling takes place. 

Figure 12.1(b) gives the cooling curve for a solution or a liquid 
system of two components. Line ab gives the cooling of the liquid 
solution, point b represents the first break (arrest point) when one com- 
ponent starts crystallising out. Line bc represents the variation of 
freezing point of the solution and point c gives the second break when 
a mixture of the two components (eutectic mixture) starts separating. 
After complete solidification of the mixture (point d), the line de gives 
the cooling of the solid mixture. 


solidity 


Fig. 12.1 (a) Cooling curve of pure 
substance (or one-component system), 


One component 

solidifies 

Solidification 5 ; 
w [ea d,2Olidification 
5 <—Solidification 2 c ends 
z é Both) 
fr gi components 
Ẹ% = 
in ii 
(z e 


TIME ————> 


(b) 


Fig. 12.1 (b) Cooling curve of solution 
(two components). 
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To construct phase diagrams, several mixtures of different composi- 
tions are prepared and cooling curves for each composition are drawn. 
Then a graph is plotted between temperatures of the first and second 
break and the composition. The curve for the first break (b) versus com- 
Position is called the liquidus curve (pure solid and solution), whereas 
the curve for the second break (c) versus composition is called the 
solidus curve. These cooling curves help in drawing the phase diagrams. 


12.7 PHASE DIAGRAMS 


A phase diagram is the sum total of the descriptions of the behaviour of 
phases under equilibrium, over a Tange of variables. 


Some selected 
phase diagrams are briefly discussed below. 


12.8 PHASE DIAGRAMS OF ONE-COMPONENT SYSTEMS 
Water System 
The phase diagram of water is shown in Fig. 12,2, 


(a) Curve OA starts from 
O, the freezing point of water 
(0.0098°C under 4.58 torr pres- 
sure), and ends at A, the criti- 
À | cal temperature (374°C) and 
Liquid critical pressure (220 atm). 

(b) Curve OA represents 
the equilibrium between liquid 
' water and vapour, at different 
H temperatures, Here the degree 
! of freedom is one (C=1, 


~ YNOdYA 


Vapour 


00098 wo 334, — P =2and F= 1). Below this 
T°C iN curve, only the vapour phase 
Fig. 12.2 Phase diagram for water, exists and above it only phe 


liquid phase exists. Aboye A 
(critical temperature) only the 
vapour phase exists, whatever 
may be the pressure, 


(c) Curve OB re um between the solid and liquid 


phases (F = 1), 
(d) Curve OC represents the solid-liquid equilibrium (F= 1). 
me ute point O at w OA, OB and OC meet is called the 
rip ene 3 xist simultaneously and F = 0. 
(f) Curve oD represents supercooling for water, Along this curve, 
ae coexists with water Vapour, and Vapour pressures are different 
rom those over the solid, This is called metastable equilibrium as a 
slight disturbance brings it to the Stable region of the phase diagram. 


presents the equilibri 
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Sulphur System 
Sulphur can exist as rhombic, monoclinic, liquid and vapour. The phase 
diagram of sulphur is shown in Fig. 12.3. 

(a) ABis the vapour pres- 
sure curye of rhombic sulphur 
and represents equilibrium bet- 
ween rhombic sulphur and the 
vapour (F = 1). 

(b) At point B, rhombic 
sulphur is converted into mono- 
clinic sulphur. Curve BC re- 
presents the vapour pressure 
curve of monoclinic sulphur 


(sic, 1288.atm) E 


PRESSURE = — e 


(Sm = Sv) 
(c) Curve CD represents the 
vapour pressure curve of liquid 955 155120 
sulphur (Sz = Sv). TEMPERATURE C —_» 
(d) BE represents the effect Fig. 12.3 Phase diagram of sulphur. 


of pressure on the transition 
temperature of rhombic sulphur into monoclinic (Sr = Sm). 

(e) CE represents the melting point curve of monoclinic sulphur and 
the effect of pressure on the melting point (Sm = Sz). 

(£) B(Sm, Sr, Sv), C(Sm, Sz, Sv) and E(Sm, Sr, Sz) are triple points 
where three phases coexist simultaneously. 

(g) If rhombic sulphur is heated rapidly or liquid sulphur is cooled 
rapidly, each is converted directly to the other without passing through 
the monoclinic sulphur stage. This represents metastable equilibrium. 


12.9 PHASE DIAGRAMS OF TWO-COMPONENT SYSTEMS 


In two-component systems if only one phase is present, then, according 
to the phase rule (C = 2, P = 1, F = 3), there are three degrees of 
freedom. These are normally chosen as pressure, temperature and com- 
position. To avoid difficulty, one of the degrees of freedom is kept 
constant and the phase diagram is represented by the other two. The 
complexity of the phase diagram also depends on the mutual 
solubilities of the two components and their capabilities of forming 
chemical compounds of varying degrees of stability. Some simple 
varieties of two-component systems are discussed here. 


Type A 
The components are completely miscible with one another and do not 


form any compound. 


Lead-Silver System 
The phase diagram is shown in Fig. 12.4 and the areas and curves are 


marked. 
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(i) Aand B represent melting or freezing points of pure Pb(327°C) 
o wel 
and Ag(961°C), respectively. : = 
(ii) Curve AE represents the freezing point of lead (solid we zi 
liquid melt, at different compositions). Freezing point is lowered due 
Ag as impurity. 


(iii) Curve BE represents the freezing point of silver from the melt 
(solid Ag = liquid melt). 


Blog 
Liquid Melt 


Ag+Melt 


DRS 

tw 

cc 

2 + 

é D 
a 

G Re iSe Solid Ag 

z Pb+} E hase 

j Eutectic utectic 

G : 
¥ ae 100 


COMPOSITION {Wt °% Ag)» 


Fig. 12.4 Phase diagram for lead-silver system. 


(iv) Point E is called the eutecti 
the melt is the same as that of the 
it behaves as a pure compound a 
stant temperature. For each sy 
composition. The temperature 


c point where the composition of 
solid (mixture of Pb and Ag). Thus, 
nd all the melt will freeze out at con- 
stem, the eutectic has a characteristic 
Corresponding to this point (303°C) is 
called the eutectic temperature, and the composition (2.6% Ag) is called 


the eutectic composition. Yt changes with pressure and hence does not 
represent any chemical compound, 


Potassium Todide-Water System 


The phase diagram with com 

(i) Here E is the eutecti 
ture, it is called the eryoh 
cryohydrate. 


plete labelling is shown 
c point (—23°C). For 
ydric point and the eutecti 


in Fig. 12.5. 
the salt-water mix- 
c itself is called the 


»at 
all of it may be converted into a vap 


ture reaches the melting point of KI, 
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0 Solid KI 
+ 
Solution 
© 
& -23 D 
R Solid KI 
T +.. 
rd Eutectic 
Q- 
paa 
S 
152%. =! 
o COMPOSITION (KI) —>100 
Fig. 12.5 Phase diagram of KI-water system, 
Type B 
The two components form a solid compound with congruent melting 
points 


The stable compound melts at a constant temperature into a liquid of the 
same composition. Such compounds are said to have congruent melting 


points. 


Zinc-magnesium System 
In this system, a compound of composition Mg(Zn)2 is formed (Fig. 


12.6). 


650 


Cc ——> 
P 
N9 
o 


RATURE { 


MPE 


ttl 


100%Zn  COMPOSITION(Mol*e Mg)——>- 1007.Mg 
Fig, 12.6 Phase diagram for zinc-magnesium system. 

(i) Along AC zinc is in equilibrium with the melt, and along BD 
Mgis in equilibrium with the melt. At C the melt is in equilibrium with 
Zn and the new compound, and at D the melt is in equilibrium with Mg 
and the new compound. Points C and D represent two eutectics and gene- 
rally have different temperatures. Along CED the new compound is in 
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equilibrium with the melt at different temperatures. The point E is the 
congruent melting point of the compound because the solid and liquid 
phases have the same composition at this point. 


FeCl;-Water System 
This system has four stable hydrates (compounds) with congruent melt- 
ing point (Fig. 12.7). These are FesCls.12H20(C), FesCls.7H20(E), 


Fe2Cle-SH20 Fe, CigdHi,0 


een) 
FeCl. 12H30 
2 oy 2 


ol EMPERATURE Cc 


COMPOSITION (% Fe2Clg)——— 


Fig. 12.7 Phase diagram of FeCls—water system, 


Fe,Cls.5H:0(G) and FesCls.4H,O(/). 
simple eutectic diagrams, side by side. Curves BC, DE, FG and HI are 
solubility curves of Fe,Cls.12H20, FeCls.7H.0, Fe.Cls.5H20 and 
FesCls.4H.0, respectively, and curves CD, EF,GH and IJ represent 
the Corresponding melting point curves. Curve JK is the solubility 
curve of anhydrous FeCl. Points B, D, F, H and J are eutectic 
points and C, E, Gand I are congruent melting points, 


Type C 

The two components formas 
point. 

The compounds are not stable and decompose to 
and a solution with a different composition from 
Such a transition is called Peritectic reaction or i 
constant temperature at which the 
peritectic or transition temperature, 


CaF,-CaCl, System 
The phase diagram for the CaF, 
() AD and BC Tepresent 


olid compound with incongruent melting 


give a new solid phase 
that of the solid phases. 
ncongruent melting. The 
peritectic reaction Occurs is called the 


~CaCl system is shown in Fig. 12.8. 
CaF, and CaCl, in equilibrium with the 
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CaF, 
. v H 
Cae Calls 


MPERATURE/ C —> 


COMPOSITION(mat"/, CaCl) 89 


ai 
Eutectic 


Fig. 12.8 Phase diagram for CaF.-CaCl. system. 
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(ii) At D, the peritectic reaction between the melt of composition 
D and solid CaF2 takes place to form a compound CaF:2.CaCl, as, 


CaF.(s) + melt (D) = 


CaF2.CaCls 


(ii) The dashed line (in real significance) indicates how the diagram 
might have looked if the compound had a congruent melting point. The 
peritectic temperature is 737° in this case. 


Sodium Sulphate-Water System 


NaSO, forms two hydrates (NasSOs.10H,0 and NazSOy.7H20) and 
exists in two enantiotropic forms (rhombic and monoclinic). The phase 


diagram is shown in Fig. 12.9. 

(i) Curve AB represents the 
freezing point curve of water 
(ice = solution). 

(ii) Curve BC is the solubi- 
lity curve of Na:S04.10H:0. 

(iii) At C, Na ,SOs.10H2O 
decomposes into anhydrous 
NaSO, and water. This is 


called the transition t - 
ture (32.383°C). S 


Na:S0,.10H,O = Na:S01+10H:O 


Gv) Along CD, all three 
phases coexist, only the amounts 
differ with composition. 

(v) Curve CE represents 
the solubility curve of rhombic 
Na:SO4. 

(vi) Eis the transition point 
at which rhombic NaSO, 
changes into monoclinic Na;SQ,. 


G 
solar Naz S04 
H Monoclinic 
oe, 
7) a oo È 
a 
=) 
3 3 
w OE 
Q oo 
= SE 
T Z 
32-383 TA 
O 
oc 
LS PERNE 
-375| a ©, NOT Xos 
COMPOSITION Clo Na,SO,) 


Fig, 12.9 Phase diagram of Na;SO.-H,O 


system. 
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Along EF, three phases—solution, 


monoclinic and rhombic NazSOu, 
coexist. 


(vii) Curve EG represents the solubility curve of monoclinic Na2SOu. 


It decreases with temperature until G(365°C). This is the critical tempe- 
rature of solution. 


(viii) Curve GH re 
clinic NasSQu. 
(ix) Curve AB has been extended along the dotted line BB’, indicat- 


ing that it is possible to cool the system even below —1.3°C without the 
separation of Na:S01.10H:0. B represents another eutectic point where 
the second hydrate Na,SO,.7H.20 is Present with ice. Curve B/C’ repre- 
sents the solubility curve of the heptahydrate. 
EXAMPLE 12.6 The phase diagram for a one-component system is given 
in Fig. 12.10. 
(a) Calculate the de 
(b) How many pha 


presents the metastable solubility curve of mono- 


Brees of freedom at Points X, Y, Z, 
ses exist along the lines AB and BC? 


Fig. 12,10 Phase diagram for one-component system, 


Sclution (a) The Phase diagram is of one component, C = 1 
At point X, P=3 


F=C+2—P or 


S K= P2- gL (invariant) 
At point Y, P=9 F=1+2-—9= (univariant) 
At point Z, P= en eee NS (bivariant) 


[(b) Number of phases along 4B = 2 


along BC = 2 
EXAMPLE 12.7 (a) Draw qualitativel i 
N y the phase 
thallium from the following data: ; GENN ey wi 
Melting point of TI = 303°C, Melting point of Au = 1065°C 
he eutectic at BISG 
egionsin th 


eutectic mixture? 
3 melts containing 40% TI and 80% 
tion of metals, 
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Solution By plotting the graph of temperature (y-axis) against com- 
position of the mixture (x-axis), we get Fig. 12.11. Here, point A cor- 
responds to the melting point of gold and B corresponds to that of pure 
thallium. C gives the eutectic (131°C). The various areas are also 
labelled. From the graph, the composition of the eutectic mixture has 
been found to be 73% thallium. 


[Lm p- of Au 

10004 a Liquid alloy 
v m.p.ot 
p Tl 
w f 
Is Tttliquid 
e Cc el 
3 500 
a 
$ 
i 


AurEutectic 


0 73% 
COMPOSITION (*lo TL) 


Fig. 12.11 Phase diagram of Au-TI system, 


} Au separates Tl separates 
red complete A complete 
ra solidification = solidification 
< t 
a 
T AA aL i pe 
Q| Au and Tl NA =| Tl and Au 
ti} separate N 5 separate 
fe 
X 
TIME = TME ——> 


(a) 4O%Tt 


(b) 80% Th 


Fig. 12.12 Cooling curves for Au-Tl system. 


EXAMPLE 12.8 During the thermal analysis of bismuth-cadmium 
system, the following initial and final solidification temperatures t and 
ty, respectively, were observed: 


% Cd 0 10 20 30 40 50 60 70 80 90 100 
T; 270: +230 205 170 144 193 225 257 280 300 320 
T; — 144 144 144 #144 «144 «144 144 — 144 — 
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(a) Construct the phase diagram and label it. 

(b) What is the composition of the eutectic? 

(c) What will be the degree of freedom at the points corresponding 
to pure metals and a mixture containing 40% Cd. 


Solution (a) The phase diagram for Bi-Cd js shown in Fig. 12.13. 


TEMPERATURE 


Cd+ 
Eutectic | Eutectic 


Weight "a Ci —> 100 
Fig. 12.13 Phase diagram for Bi-Cd system, 


(b) The composition of the eutectic is 40% Cd+60% Bi. 
(c) At the point corresponding to 100% Cd (point B), there are 
thee phases (solid, liquid and vapour) and C = ], 
tS Canine & = 1 5, 0g 
Similarly, at point B(100% Bi) — Ba OST 
AEC 2 Pi 9 — 318g 
The point corresponding to 40% Cd is a eutectic oin 
Phases (solid Bi, solid Cd, solution and vapour of eae li 
F=C+2—P=242-4-9 j 


12.10 THREE-COMPONENT SYSTEMS 


According to the phase rule, 
ponent system are giyen by 
Pr F=6+9 
or IC = Pas p 


the degrees of freedom for a three-com- 


» We need only one 
ure and Pressure. On the other 
Phases, the degree of freedom is 
f phases which can occur simulta- 


a ystem is three at a fixed temperature and 
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The most commonly used method to represent three-component 
systems is the triangular plot which was suggested by Stokes and Rooze- 
boom. In this method, each apex of the triangle is taken as 100% (wt 
or mole) of the component. For example, the apices A, Band C (Fig. 
12.14) represent 100% of A, Band C, respectively. The sides of the 
triangle are divided into 10 (or sometimes 100) equal parts and 
the lines parallel to the three sides are drawn. For example, the 
lines parallel to BC dividing AC represent the definite composition 
of A, such as C gives 0%, a gives 10%,..., f gives 60%, 
i gives 90%, and A gives 100%. Similarly, the lines parallel to AC divid- 
ing AB give various compositions of B(a’ = 10% B, b' = 20% B. 
cœ = 30% B,...,f’ = 60% B, i = 90% B), and the lines parallel to BA 
dividing BC give the compositions of C(a” = 10% C, b" = 20% C, 
a” = 30% C,...,f" = 60% C, i” = 90% ©), respectively. For example, 
20% A is expresi by the line bh’, and 3096 Bis expressed by the line 
cg". 


Ba" ZAN e ae en aA A he oi Cc 


hC 


Fig. 12.14 Triangular plot for a three-component system. 


MISCELLANEOUS EXAMPLES 


EXAMPLE 12.9 A lady weighing 50 kg is standing on ice wearing shoes 
with a sole area of 60 cm? per shoe. What isthe melting point of ice 
under her feet? 
Solution Pressure on ice under the feet of the lady, 
Force. a. mg 

P Area 2 X area of each foot 

m = 50 kg = 50 X 10°g, g = 980.67 cm s~? 
Area of each foot = 60 cm? 
50x 108 g x 980.67 cm s~? 

2 X 60 cm? 

= 4,086 X 10° g cm™ s~? 
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= 4.086 X 10° dyn cm~? [ 1 dyn = 1 g cm s~? 

4.086 x 10° si Ae ms 
= 7.0133 X 198 atm [ 1 atm = 1.0133 x 10%dyn cm=?] 
= 0.403 atm 

anges AH tus; m 

ah am Ty. AV tus 
AH ms tus = 6.01 kJ mol, AV tus = Vn, 1q — Fm sona 
(0.0180 — 0.0196) Z mol~} 


dp (6.01 x 103 J mol!) x (9.87 x 10-3 latm J=) 


dT (273.15K)(0.0180—0.0196) / mol 


= a 1357 atm Ke? [1J = 9.87 x 103 / atm ] 
Now, dp = 0.403 atm 


Melting point at 0.403 atm = —0,C03°C, 


EXAMPLE 12.10 The vapour pressures of ice 


and water are given by the 
equations: 


In paw (ice) = 24.00 — Sal (p in torr and Tin K) 


In povap (water) = 21,41 — $828 
Calculate 


(a) the temperature and 


pressure at the triple point of water. 
(b) the molar enthalpies 


of vaporization 


» Sublimation and fusion of 
water at its triple point. 

Solution (a) Atthe triple point, the vapour pressures of ice and water 
will be the same. 
Therefore, In Psu (ice) = In pevap (water) 

_ 6140.1 5432.8 
or _ 24,00 T 21.41 — T 

H4 = 6140.1 _ 5432.8 
or 24.00 21.41 = pe T 

_ 707.3 D 

or T= 2.59 = 273.089 K 


The vapour pressure at the 


r u triple point can be obtained by substitut- 
ing this temperature in either o. 


f the above equations, 


L _ 6140.1 
In p = 24,00 273,039 = 1.516 


or P = 4.55 torr = 0.006 atm 
(b) We know that 


> 
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and = Hem ies a 
AHsuvjm = 6140.1 X 8.314 = 51.05 KJ mol"? 
and AHevapym = 5432.8 X 8.314 = 45.17 kJ mol 


At the triple point, 
AHsud,m = AHtusym + AHevapsm 
or, AF tus, = AHsub,m — AHevap.m 
2 AF tusym = 51.05 — 45.17 = 5.88 kJ mol“? 


QUESTIONS 


Numerical Problems 


12.1 State how many phases are present in the following systems: 
(a) In (s) = Is (g) 
(b) CaCO; (s) = CaO (s) + COs: (g) 
(c) CuS0O,.5H:0 = CuSO,.H:O(s) + 4H:0 (g) 
(d) Fe (s) + H,O (8) = FeO (s) + Ha (8) 
(e) Ice = Water = Water vapour 
(f) KCI dissolved in water 
12.2 Calculate the number of components présent in the following systems: 
(a) A solution of common salt 
(b) NH; (2) 
(c) MgCO; (s) = MgO (s) + COs (g) 
(d) NH,Cl (s) = NHs (8) + HCI (8), 
(e) H:0 (s) = H:0 (1) 


12.3 How many degrees of freedom will be present in the following systems? 
(a) A gas in equilibrium with its solution in a liquid 
(b) Na (g) 
(c) A solution of sodium sulphate in equilibrium with water vapour 
(d) Ts (s) = In (CCh) 
(e) HCI (g) and NH; (g) in equilibrium with NH,Cl (s), when the equilibrium 
is approached by starting with the solid alone 
(f) Two partially miscible liquids in the absence of vapour 


12.4 The melting point of a substance increases by 0.04°C on increasing the pres- 
sure by 1 atm. Its molar volumes in the solid and liquid states are 40 ml and 
44 ml, respectively. What is its enthalpy of fusion if its melting point is 
+ 23°C, 

12.5 (SI Units) Calculate the chinge in freezing point of ice when the pressure is 
increased by 10 kPa. The molar volume of water is 18 cm® mol-1 and that 
of ice 19.6 cm? mo]-1 (Molar enthalpy of fusion = 6.0 x 10° J mol). 

12.6 The vapour pressure of a liquid ¥ varies with temperature according to the 
equation: 
log p (torr) = 5.910 — = 
Calculate the molar enthalpy of vaporization of the liquid. 


12.7 The vapour pressure of ice between —10° and 2°C, is given by the equation 


r 2666.12 
log p = 10.42 — -F 
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12.8 


12.9 


12.10 


12.11 


12,12 


12.13 


and that of liquid water between —10° and 2°C by 
2360.18 

1 
What is the triple point of water? 


The atmospheric pressure in a deep valley on a particular day is 1200 torr. 
Calculate the boiling point of water in that valley on that day (Heat of 
vaporization = 2.260 kJ g-1), 

The boiling point of a liquid (molar mass = 74, latent heat of vaporisation 
= 369.8 J g-) is 33.5°C at 760 torr Pressure, At what temperature will it 
boil when pressure decreases by 10 torr on a particular day? 


The following correlations for the vapour pressure of solid and liquid phos- 
phorus are available 


In p (solid) = — $811 4 19 44 


log p = 9,30 — 


In p(liquid) = — 3102 5 14 49 

where p is in atm and Tin K, Calculate 

(a) the temperature and pressure of the triple point of Phosphorus 

(b) the molar enthalpy of fusion of Phosphorus at the triple point. 
Calculate the vapour pressure of a liquid at 100°C if it is assumed that it 
obeys Trouton’s rule and its normal boiling point is 110,6°C, 

The following data are given for water at 100°C and 760 torr: 

Enthalpy of vaporization = 539.7 J g-1 

Molar volume of water = 18,78 cms 

Molar volume of steam = 30,20 dm? 

Calculate the change in boiling 
Pressure, 


Figure 12.15 represents the Phase diagram fi 


or the sulph i 
degrees of freedom at the Points 4, B, C, D, E, Phur system, Find the 


point of water per torr change in atmospheric 


the number of phas; 
C, Dand E. Phases, components and degrees of freed 


12.15 
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Liquid alloy 
"D 
Cd +liquid 


TEMPERATURE °C 


Eutectic 


0 COMPOSITION ÇhCd ) 100 
Fig. 12.16 


Construct the phase diagram for the magnesium-zine system, using the 
following data: 

(a) Melting point of Zn = 419°C 

(b) Melting point of Mg = 650°C 

(c) Forms two eutectics at 350°C (20 mol % Zn) and at 435°C (92 mol % Zn) 
(d) A compound Mg Zn, with a true melting point of 575°C, is formed. 

Also describe the cooling curve when a mixture of 60 mol % Mgis cooled 
from 6 0°C to 200°C, 


QUIZ QUESTIONS 


Type A: Multiple Choice 


12 16 


12.17 


12.18 


12.19 


Starting with pure NH,Cl, the following equilibrium is established: 
NHCI (g) = NHa (g) + HCI (g) 
The number of components in the system is 
(a) one 
(b) two 
(c) three 
(d) may be two or three 
The number of phases of a mixture of four gases enclosed in a container is 
(a) 4 (b) 4-1 
(c) 1 (d) zero 
In terms of number of phases (P), components (C) and degrees of freedom 
(F), the phase rule is expressed as 
(a) P+C=F+2 
(b) F=P+C—2 
(c) P+F=C+2 
(d) P—F=C+2 
The phase rule was deduced by 
(a) Gibbs (b) Thomson 
(c) Trouton (d) Henry 
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12.20 


12.21 


12.22 


12.23 


12.24 


12.25 


12.26 


12.27 


12,18 


12,29 


In a system, when the chemical Potential of cach component is the same for 
all phases, the equilibrium is said to be in 

(a) metastable equilibrium 

(b) thermal equilibrium 

(c) composition equilibrium 

(d) mechanical equilibrium 


In a one-component system, the 


maximum number of phases that can coexist 
in equilibrium is 


(a) 1 (b) 2 
(c) 3 (d) 4 
The maximum degree of freedom for a pure substance under equilibrium 
conditions is 
(a) 1 (b) 2 
©! 3 (d) zero 
Sulphur can exist in 
(a) one phase 
(b) two phases 
(c) three phases 
(d) four phases 
The number of degree of freedom for the system 
NH;Cl(s) & NH,Cl(g) 5 NH,(g)+HCl(g) is 
(a) 1 (b) 3 
(c) zero (d) 2 
Fora Single-component system, the maximum degree of freedom is 
(a) (b) 2 
(c) 3 (d) between 3 and 6 
The point in the Pressure-temperature curve of a water system where the 
equilibria 
ice s water = vapour 
exists is called the 
(a) critical point 
(b) triple point 
(c) transition point 
(d) eutectic point 
The number of degrees of freedom and number of components for a system 
of sodium chloride Solution in water Containing undissolyed salt, in equili- 
brium with water vapour, are 
(a) 2, (b) 3,2 
(c) 1,4 (d) 1,2 
The number of degrees of freedom at the triple point for the Water system is 
(a) one (b) two 
(c) three (d) zero 


(b) At 5atm Pressure and —56,6°C temperature, the system has zero degrees 
of freedom. 

(c) At all pressures below 5 atm, heating of solid CO, will result in 
sublimation, 


(d) The melting point of COs decreases With increase in pressure, 


12.30 


12.31 


12,32 


12.33 


12.34 


12.35 
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L 


— 56-6 
TEMPERATURE © —> 


Fig. 12.17 


The point C in the phase diagram of COs (Fig. 12.17) is the 

(a) freezing point 

(b) triple point 

(c) boiling point 

(d) critical point 

In the phase diagram of COs (Fig. 12.17), the curve BD represents equili- 

brium between 

(a) solid and gas 

(b) solid and liquid 

(c) gas and liquid 

(d) solid, liquid and gas 

In the phase diagram of CO, (Fig. 12.17), the curve BC represents equili- 

brium between liquid CO, and gas. The number of degree of freedom is 

(a) zero (b) one 

(c) two (d) three 

In the phase diagram of COs (Fig. 12.17), the system is bivariant 

(a) at point B 

(b) at the critical point 

(c) in the region ABD 

(d) along BD 

The phase diagram for the benzene-naphthalene system is shown in 

Fig, 12.18. Which of the following statements is not correct ? 

(a) Along curve AC, solid benzene is in equilibrium with liquid solution, 

(b) Above curves AC and BC, the two components are present only as a 
homogeneous liquid solution. 

(c) The intensive properties of the system at Care entirely fixed under all 
conditions of pressure. 

(d) At a given pressure, the system is monovariant along BC. 


In the phase diagram of the benzene-naphthalene system ( Fig. 12.18 ), 
the point C is called the 

(a) eutectic point 

(b) congruent point 

(c) triple point 

(d) critical point 
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12.36 


12.37 


12.38 


12.39 


B 


TEMPERATURE ——>- 
> 


is) 


iC a Se 
Benzene ee 
(100%) COMPOSITION —» (100% 


Fig. 12.18 
The region below CE Corresponds to (Fig, 12.18) 
(a) solid benzene+ eutectic 
(b) solid naphthalene+ eutectic 
(c) solid benzene+ liquid 
(d) solid naphthalene +liquid 
The curve AC represents equilibrium between (Fig. 12.18) 
(a) benzene and naphthalene 
(b) benzene and eutectic 
(c) benzene and liquid solution 
(d) benzene, naphthalene and liquid solution 
The phase diagram for the KI-water system is given in Fig, 12.19, The 
cryohydric point in the curve is 
(a) A 


(b) B 
(c) c (d) Dand E 
c 

fa 

i 

i 

È (8) E 

iva 

w 

[E 

= 

a 

0 COMPOSITION Ch KI )-3400 
Fig. 12.19 
Which of the following Statements is not cor; ect i i 
ee ene i rect regarding the Phase diagram 
(a) = represents the lowering in freezing point of Water on the addition 
of KI, 
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12.40 In the phase diagram of the KI-water system, the solubility curve of KI is 


12.41 


12.42 


12.43 


12.44 


12.45 


(a) 4B (b) DB 

(c) BC (d) BE 

The temperature at which a compound melts into a liquid of the same com- 
position as the solid is called the = 
(a) congruent melting point 

(b) incongruent melting point 

(c) peritectic temperature 

(d) metastable point 


The phase diagram for the FeCl;—water system is shown in Fig. 12.20. The 
diagram shows the formation of 

(a) six hydrates 

(b) four hydrates 

(c) three hydrates 

(d) five hydrates 


> 


TEMPERATURE ————> 


o COMPOSITION (% FezClg) 100 
Fig. 12.20 


In the phase diagram of the FesCl,-water system (Fig, 12.20), the point G 
corresponds to the compound 

(a) FeCl. 12H:0 

(b) FesCl,. 7H:0 

(c) FeCl; . 6H:0 

(d) FeCl, , 5H:0 

The number of eutectics in the phase diagram of the FesCl,-water system 
(Fig. 12.20) is 

(a) 6 (b) 5 

(c) 4 (d) 3 

The region below line LD represents 

(a) FeCl,.12H:0+Eutectic (FesCl,.12H20+ FesCl,.7H20) 

(b) FesCls.12H20 +Eutectic (ice+FesCls) 

(c) FesCl,.7HsO + Eutectic (FesCl,.12H.0+FesCl,.7H20) 

(d) ice+FesCl,.12H:0 
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12.46 


12.47 


12.48 


12.49 


12.50 


In the system CaF2-CaClo, (Ref. Fig. 12.8) the reaction 
CaF;(s)+ Melt = CaF2.CaCl,(s) 

is called 

(a) a peritectic reaction 

(b) a solubility reaction 

(c) formation of compound with congruent melting point 

(d) fusion temperature 

A compound with an incongruent melting point decomposes on heating into 

(a) a liquid of the same composition as the solid 

(b) a new solid phase and a solution with a composition different from that 
of the solid phase 


(c) a new solid phase and 
the solid phase 


(d) a solution of fixed composition 
In the phase diagram of NaSO; 
the 

(a) solubility curve of Na:SO4.7H.0 

(b) metastable solubility curve of monoclinic NaSO; 


(c) transition curve of monoclinic NaSO; to rhombic NaSO, 
(d) solubility curve of monoclinic Na,SO, 


a solution with the same composition as that of 


-water (Fig. 12,21), the curve EF represents 


32-383 


1 
wo 


TEMPERATURE / € 


-345 


l 


COMPOSITION Ch NayS0, ) 
h 


Fig. 12.21 


In the phase diagram of NaSO, 


as -water (Fig. 12.21), th i i 
(a) transition temperature at ! Of FNN 


which rhombic Na i i 
monoclinic Na,SO, A 
(b) transition temperature at which G] i 
1 aube i ini 
Cathe T's salt changes into monoclinic 


(c) point at which Na2SO.-10H.0 changes into 
(d) temperature at which Na,SO, 
In the phase diagram of a o 
following statements is corr: 


NazSO,.7H,0 
becomes completely soluble in water. 


ne-component system (Fig, 12,22), which of the 


ect 2 
(a) The melting point of the solid increases with increase of pressure 
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g 
3 


PRESSURE =- —> 


TEMPERATURE ——>- 
Fig. 12.22 


(b) The solid can be in equilibrium with the vapour only at a temperature 
on or below the triple point 

(c) The solid, if heated at 1 atm, will sublime 

(d) The three lines meet at the critica] point. 


Type B: True or False $ 
12.51 In a one-component system, the maximum number of phases that can coexist 
in true equilibrium is three. 
12.52 Super-cooled water is an example of a system in metastable equilibrium, 
12.53 According to the phase diagram of water, the melting point of ice decreases 
with increase in pressure, 
12.54 Ina system with two phases in equilibrium, the number of degrees of free- 
dom for a one-component system is zero. 
12.55 In the phase diagram of sulphur, there are three true triple points. 
12.56 The incongruent melting point is also called the peritectic point. 
12.57 The degrees of freedom for a solution of sodium sulph te in equilibrium with 
Glauber’s salt are three. 
12.58 Metastable equilibrium is possible only in the case of a water system. 
| 12.59 A compound with a congruent melting point melts into a liquid of the same 
| composition as the solid. 
12.60 For a system of two miscible components, the eutectic point exists onlyata 
definite temperature. 


Type C: Fill in the Blanks 
12.61 Cooling of liquids below their freezing point is called ——— i 
12.62 The property of a chemical compound capable of existing in two or more 


than two forms is called ————- =. 
| 12.63 The temperature at which a compound changes into a different compound 
| and a solution with a different composition is called —~~——— melting 
point, 


12.64 The dissociation of ammonium chloride 
NH,Cl\(s) = NH,(g) +HCI(g) 


| constitutes ————--— phases and the number of components is —————. 
12.65 The minimum number of independent variables required to comple ely 
já characterise the composition of each phase in a system is called ——————. 


The allotropic forms of solid su bstances are considered ——— phases. 


12.66 
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12.67 The system: ice, water and vapour in equilibrium has F= —————_ 


C= ——— and P= ———.. 

12.68 A compound which melts into a liquid of the same composition as the solid 
is said to possess - 

12.69 The process of enrichment of the silver in lead silver is known 2 ——— 
process. 

12.70 In the sulphur system, the three Phases ———______ co-exist in metastable 
equilibrium, 

ANSWERS 


Numerical Problems 


72.1 (a) 2 (b) 3 (©) 3 (d)3 (©)3 (f)1 12.2 (a)2 (4 (c) 2 (d) 1 (ce) 1 
12.3 (a) 2 (b) 2 ()2 (a) 2 C(O 12.4 717/53) cal moli 12.5 0.73K 
126 15.28KI 12.7 273.16 K, 0.006 atm 12.8 386.45K 12.9 33.1 12.10 330.7 
K, 0.00046 atm, 2.6k3 12.77 0.83 atm 12.12 0.037 12.73 0 2 22,0 
12.14 A=3,1,0; B=3,1,0; € =4,2,0; A 272 


Quiz Questions 


12.16 (a) 12,17 (c) 12.18 (c) 12.19 (a) 12.20 (c) 12.21 (c) 1222 (b) 
12.23 (d) 12.24 (a) 12.25 (b) 12.26 (b) 12.27 (d) 12.28 (d) 12.29 (d) 
12.30 (d) 12.31 (b) 12.32 (6) 12:33 (c) 12.34 (c) 12.35 (a) 12.36 (b) 
12.37 (c) 12.38 (b) 12.39 (c) 12.40 (c) 12.41 (a) 12.42 (b) 12.43 (d) 
12.44 (b) 12.45 (@) 12.46 (a) 12.47 (b) 12.48 (b) 12.49 (c) 12.50 (b) 
12.51 True 1252 True 12,53 True 12,54 False 12.55 True 12.56 True 
12.57 False 12.58 False 12.59 True 12.60 False 12.61 Supercooling 
gate Pennies 12.63 incongruent 12.64 two,one 12.65 degree of free- 
om i Mferent 12.67 0,1,3 12.68 i i 

eee Toe Sis) 2G, Congruent melting point 12.69 Pat- 


13 


Electrical Conductance and 
Ionic Transport 


Electrical conductance in matter is due to the flow of charged 
particles under an electric field. If these charged particles are electrons, 
the conductivity is called electronic or metallic. When the current is 
carried by ions (anions and cations), the conductance is called ionic or 
electrolytic. 


13.1 MEASUREMENT OF THE CONDUCTANCE OF SOLUTIONS 


Metallic conductors obey Ohm’s law, 
E 


I=% (13.1) 


where Zis the current flowing in amperes, E is the electric potential 
difference (electromotive force) in volts, and R is the resistance in ohms. 
Current, in SI Units, is measured in amperes, symbol A, and the resis- 
tance in ohms, symbolised Q. 
The resistance of any conductor is proportional to the length (/) and 
inversely proportional to the area of cross section (a), so that 
l í} 

Ro 7 or USE Fae (13.2) 
where f the proportionality constant p is called specific resistance or 
resistivity and depends upon the nature of the material, The reciprocal 
of resistance is called conductance (C), and the reciprocal of specific 
resistance is called specific conductance or conductivity (expressed by «, 
kappa). 


C= units of C are Q`? 


a 
R 
L units of « are Q~! cm™? òr O72 m™? 


The SI Units for conductance is siemens, S (= Q73). 
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An unknown resistance is commonly measured by Wheatstone bridge 
method. For electrolytic solutions, passage of direct current causes 
electrolysis. This leads to the change of concentration of the electrolyte 
in solution, besides polarizing the electrodes. To overcome this problem, 
a modified form of Wheatstone bridge with alternating current 
(1000-3000 Hz) is used. The conductance is measured in a conductivity 
cell. Itconsists of two electrodes, made of platinum foils, kept at a 
fixed distance. Several types of conductivity cells have been designed. 


Conductance depends upon the area of each electrode (a) and the 
distance between them (/), 


i} 
RRG 
or e=R F 
Lii eile 
or knor, ia 


measuring the conductance of a standard solution (KCl) of kno 
conductivity. 


13.2 EQUIVALENT AND MOLAR CONDUCTANCE 


Equivalent conductance, / is defined as 
A = 1000 x 


where C is the concentration of the solution j 
units of equivalent conductance are Q7 2- eqn i 

cm“  eq™1 `; 

Resear q (SI Units: 

A quantity related 

tance (A m) defined as 


Units: S;mo}-! cm?), 

Note 1. Equivalent Conductans 
solution containing one equivalent of 
parallel electrodes 1 cm apart, i.e, 


ance of a volume of 
» When placed between two 


numerical problems. 
a = (000 cms 1-3) (k Q-1 cm-1) 


(Ceq r =Q-1 om? eq-a 
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It should be noted that, on dilution, the number of ions per unit 
volume decreases. Thus, we should expect a decrease in specific con- 
ductance and increase in equivalent or molar conductance because the 
total number of ions in solution increases due to ionization on dilution. 
There seems to be a limiting value in very dilute solutions of an electro- 
lyte, called the equivalent conductance at infinite dilution or zero 
concentration (A o). 

It has been noticed that the variation of A with concentration 
depends to a large extent on the type of electrolyte. In case of strong 
electrolytes, the change in A with concentration is small, between 4 
and 10% only. This is due to interionic attractions which are important 
at higher concentrations. For weak electrolytes, the change in A with 
concentration is much larger, so much so that one cannot obtain A° for 
these electrolytes by extrapolation. The major difference between the 
types of electrolytes is their extent of dissociation into ions. Strong 
electrolytes are comp!etcly* dissociated at all concentrations whereas, in 
weak electrolytes, there is equilibrium between dissociated ions and 
undissociated molecules. However, an electrolyte may behave as a weak 
electrolyte in one solvent and as a strong electrolyte in another, e.g. HCl 
is a strong electrolyte in water, but a weak electrolyte in benzene, etc. 


EXAMPLE 13.1 A metallic wire of 1m length and 0.1 mm diameter 
has a resistance of 102, Determine its conductance, resistivity and 
conductivity. 


Solution Conductance, C = ic 
R=109 
1 
: Se Q- 
fe Cc 10 0.1.2 
Bh a 
Resistivity, p = R T 
l=1im=s 100 cm; a = arè, r = 9! om 
22 i 
z. a= 22 x (LPL)? = 0.7857 x 10-tcm? 
— (10 Q) X (0.7857 x 1071 cm?) 
G (100 cm) 


= 7.857 X 107° Q cm 
Conductivity, « = + 


D 1 Lais 
7.857 X 10 "Qem ~ l2 X 10° Q= cm? 


*Jon pair formation does take place but is almost negligible. 
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EXAMPLE 13.2 The resistance of a 0.1 mol dm-3 Solution of an electro- 
lyte is 60 Q at 300 K. The dimensions of each electrode in the cell are 
0.85cm X 1.4 cm and the distance between the two electrodes is 1 cm. 
Calculate (a) cell constant and (b) resistivity (c) conductivity and 
(d) molar conductance of the solution. 


Solution (a) Cell constant = 1 
l= 1cm, a= 1.4 x 0.85 = 1.19 cm? 


1 
= — — rs 
Cell constant To = 0.84 cm 


(b) Resistivity, p = R 7 


— 60 2 X 1.19 cm? 


em = 71.4 Q cm 


F, 1 
(c) Conductivity, x = z 


om 1 
~W1.4Qem = 1-4 X 10° Q cm 


(d) Molar conductance, Am = A000 
C = 0.1 mol dm-3 


— 1000 x 1.4 x 19-2 Q em 
Am = ———— 4 2 cm") 


0.1 mol dm=3 = 140 Q cm? moj 
Note In the expression of Am, 


resistance was 96 2. Calculate th 
at this concentration. The specific conductance o: 
solution is 1.29 x 1072 § cm~, 
Solution For calculations of 
Cell constant = R x 
R = 85 Q, k = 1.29 x 19-2 Scm™? 
Cell constant = 85 9 x 1.29 X 1072 § cm~1 


ce of the electrolyte 
f 0.1 mol dm~ KCl 


molar Conductance, 


¢ = 1.1 em 
Specific conductance of the electrolyte solution, 
— Cell constant 
R 
Cell constant = 1.1 cm, R=96Q0 
p rast | 
k = skemi = 1.145 X 1072 § cm~: 
Molar conductance of the electrolyte solution, 
j\. — 1000 « 
a (6: 
C = 0.052 mol dm=3 
é = 1000 x (1.145 x 10-2 g cm") 
pe s (0.052 mol dm~) 


= 220.2 S cm? mol~? 
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EXAMPLE 13.4 The resistance of a 0.2 N solution of an electrolyte ina 
conductivity cel! is 1¢0 ohm at 25°C. What are its conductivity and 
equivalent conductance if the cell constant is 2.06 cm~, 


yi l constant 
Solution Conductivity, x = Cell constant 


R 
Cell constant = 2.06 cm, R = 100 Q 
2 06 cm™ TaS b. 
= ee 2 Q71 1 
K 100 Q 2.06 X 10 cm 
Equivalent conductance, 
1000 « 
Ne 
C = 0.2 eq l! 
1000 x (2.06 x 1072 Q7! cm7?) 
OZegi 


= 103 Q~! cm? eq} 


13.3 KOHLRAUSCH LAW OF INDEPENDENT MIGRATION OF 
IONS 


According to Kohlrausch, the equivalent conductance at infinite 
dilution for a given salt is equal to the sum of the contributions of the 
Cations and the anions, i.e. 


o = )° o 


= T 
(AB) (A+) (B-) 
where wat) and NES are called the limiting equivalent ionic con- 


ductances. In other words, this law means that the equivalent ionic 
conductance for an ion in a given solvent always has the same value, 
in whichever salt solutions it may be present. 


13.4 LIMITING EQUIVALENT CONDUCTANCE OF WEAK 
ELECTROLYTES 


As mentioned earlier, it is not possible to determine accurately the 
A° value, for a weak electrolyte, by extrapolation. However, this can 
be estimated easily using Kohlrausch’s law. For example, for acetic 
acid, 

HÀ 


A? =A pa? 
(CHCOOH) ~ “(CH.Coo-) | (H+) 


= Ns Meg PAC PAC ON ge 
(CHsCOO-) esas) May | (clr) (Nat) Nor) 
= 2 -N° 
McHcoonay* ^ saci T A acy 
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EXAMPLE 13.5 (SI Units) The molar conductance at infinite dilution 
for CHsCOONa, HCland NaCl are 91, 426.2 and 126.5 Q`! cm? mol”, 
respectively. Calculate the molar conductance of acetic acid at infinite 
dilution. 


Solution The molar conductance of acetic acid at infinite dilution, 


o = NA° A Ea TANS, 
^ (CHCOOH) A (CHsCOON,) TA (HCl) A (NaCl) 
° = - 2 = ° =a | a k = 
A T CH,COONa) 91.0 271 cm? mol, ^ (acy 426-22 ‘cm2mol?, 
A Nach = 126.5 971 cm? mol? 


A (cHscoony ~ 9!-0+426.2~126.5 = 390.7 O~ cm? mol” 


EXAMPLE 13.6 The limiting equivalent conductances of sodium chloride, 
potassium chloride and potassium bromide are 126.45, 149.86 and 
151.92 Q cm? eq”', respectively. The limiti 
ductance for Br” is 76.34 Q~? cm? eg! 
ionic conductances for Na* ions ? 


ng equivalent ionic con- 
+ What are the limiting equivalent 


Solution 
Axen = Ny + ‘ory 
A xp = 151.92 O71 cm? eq}, NaS = 76.34 Q! cm? eqn! 
keota An Mar) = 151.92 — 76.34 
= 85.58 2-1 cm? eq! 
Axon F AK» = Mer) 
Akon = 149.86 Q1 om? eq”, Apy T 85-58 Q= cm?eq 
i ea OE Aky = 149.86 — 85.58 


= 64.28 (-1 cm2 eq~! 


o 


5E o 
(NaCl) (Na+) ap ee, 


> = ʻi = o 

A Mach 126.45 Q71 cm? eq, Ac = 64.28 Q1 cm? eq? 
"i = A9 — pe = 
(Na*) A Nach Xin 126.45 — 64.28 


= 38.17 Q! cm? eq? 
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13.5 TRANSPORT NUMBER 


The fraction of the total current carried by an ion is called its trans- 
port number. 


p Current carried b i 
Transport number of cation (t) = aren ered Dy the cation 


_ Current carried by the anion 
Total current 


If there is only one cation and one anion, then 


Transport number of anion (f_) 


t bi = 1 
or Z=1-—-t 
or t= 1h 


13.6 DETERMINATION OF TRANSPORT NUMBER 


The transport number can be determined by the following methods: 
(a) Hittorf’s method 
(b) Moving boundary method 


Hittorf’s Method 


This method is based on the observation that different concentration 

changes occur in the vicinity of the electrodes due to different velocities 

of the ions of an electrolyte. The transference number of a cation is 
Fall of concentration around anode 

Total fall in concentration around both the electrodes 


ty 


For experimental measurements, a transference cell consists of three 
compartments, viz. anode, middle and cathode. Electrolysis is carried 
out using electrodes of some suitable metal. The number of faradays 
of current flowing through the cell is determined using silver or other 
coulometers in series with the cell. After passing current fora sufficient 
length of time, the compartments are analysed to obtain changes in 
concentration. 

Let us assume that the transport number of the Ag* ion is to be 
determined using silver nitrate solution and platinum electrodes. In 
this procedure, let N, and Ny be the initial and final number, of 
equivalents of Ag* ion present ina given Weight of solvent in the anode 
compaittment. Suppose the weight of copper deposited in the copper 
coulometer is w g so that w/31.8 = Ne gram equivalents. Then, 

Fall of concentration around anode = N, — N; 

N; E` Ny 
a 

In the above example, it has been assumed that the electrodes are 
passive. This is not always true. For example, if silver electrodes are 
used, the nitrate ions discharged will attack the silver anode, resulting 


Transport number of Ag* (t) = 
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in an increase in concentration of Ag* in the anode compartment. In 
the above example, the gram equivalents of copper deposited is Ne. 
Therefore, the increase in concentration of Ag* ions in the anode com- 
partment should have been Ne. But the actual increase is Ny — Nj. | 
Thus, Ne — (Ny — N) represents the fall in concentration due to the | 
movement of Ag* ions from the anode compartment. Thus, | 
Ne — (N; — Ni) 


Transport number of Ag* ion = Ve 


Moving Boundary Method 


This is based on the principle that when a solution of an electrolyte is 
placed above a solution of another electrolyte, and a direct current is 
passed from the bottom to the top, the boundary between the two solu- 
tions moves up. This is due to the migration of ions in an electric field. 
In addition to the solution whose transport number is to be determined 
(principal electrolyte), another solution is added (indicator electrolyte) 
to form a boundary between the two. The concentration of the principle | 
electrolyte solution is so adjusted that it is higher than the indicator | 
electrolyte solution. Then, if / is the length through which the boundary 
moves, A the cross-sectional area of the tube, C the concentration in 
ars equivalent per litre of solution, and Q faradays current is passed, 
en 


Transport nu ETAO 
sport number 1000 O 
EXAMPLE 13.7 A solution of HC] was electrolysed in a transference 
cell, between two platinum electrodes. The cathode compartment con“ 
tained 0.354 g of chloride ions before electrolysis and 0.326 g after 
electrolysis. A silver coulometer in series had a deposit of 0 ue g of 


silver after passing the same amount of cu 
Trent. C 
number of H* and CI ions. isc 


Solution 


Equivalents of silver deposited = 0-532 — 
ilyer deposited = 08 4.926 X 10-3 eq 


Loss of Cl” ions in cathode compartment = 0.354 — 0.326 
= 0.0282 
Equivalents of Cl- ions lost from cathode compartment = pide 
j 7 SSS 
— Equivalents of Cl” ions lost fein or ey Rane 


t } _10! cathode compartment 
(Cl) Equivalents of silver deposited in A = 


7.89 X 10-4 
4.926 x 10-8 9.160 


and fyi) = I= kag = 1 — O16 = 0.84 
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EXAMPLE 13.8 The silver nitrate solution from the central compartment 
of a transference cell weighed 36.58 g and was titrated with 32.7 ml of 
NH,CNS solution, 1 ml of which was equivalent to 0.0085 g of AgNOs. 
The solution from the cathode compartment, weighing 43.17 g, required 
29.4 ml of NH,CNS solution. In the coulometer, in series, the amount 
of copper deposited was 0.029 g. Calculate the transport number of 
Ag* and NOs” ions. 


Solution After electrolysis, 
43.17 g of cathode solution contains AgNOs 
= 29.4 X 0.0085 g 
= 0.2499 g 
Amount of water in 43.17 g of solution = 43.17 — 0.2499 
= 42.9201 g 
Before electrolysis 
36.5 g of solution contained AgNO; = 32.7 X 0.0085 
= 0.278 g 
Amount of water in 36.5 g of solution = 36.5 — 0.278 g 
= 36.222 g 
Now, 42.9201 g of water before electrolysis will have AgNOs 


= 9.278 x 42.9201 


~ 36.222 
= 0.3294 g 
Loss at cathode = 0.3294 — 0.2499 = 0.0795 g AgNO: 
= 0075 g eq of AgNOs = 4.676 x 107 
: 5 } 0.029 
Number of equivalents of copper deposited in coulometer = -z7 g 
= 9.12 X 10-4 eq 


i Loss at cathode in equivalents 
(NO:7) Equivalents of copper deposited in coulometer 
— 4.676 x 10- ; 
9.12 X 107$ 
= 0.513 


d 1% =1-—0. ='0; 
an (Ag) 1 — 0.513 = 0.487 


EXAMPLE 13.9 In the Hittorf cell using silver electrodes and AgNO; as 
an electrolyte, a certain amount of current was passed which deposited 
9.886 X 107‘ g equivalent of silver in the coulometer. The anode com- 
partment had the composition 28.235 g H.O and 0.099 g of AgNO; 
before electrolysis and 28.435 g of water and 0.1874 g of AgNOs after 
electrolysis. Calculate the transport number of the NOs” ion. 
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Solution At the anode, after electrolysis, 
28.435 g of water has AgNO; = 0.1874 g 
At the anode, before electrolysis, 
28.235 g of water has AgNO; = 0.099 g 
_ 0.099 X 28.435 
28.435 g of water has AgNO; = = ns 
=0.1g 
Increase in concentration after electrolysis = 0.1874 — 0.1 
= 0.0874 g AgNO; 
or = ORU L 5.141 x 10-4 g eq AgNO: 
Amount of electricity passed = 9.886 x 10-4 
passing current, there should be an increase in the anode compartment 


of Ag+ = 9.886 x 10-4 geq. This means that (9.886 — 5.141) x 10-4 
= 4.745 X 10-4 g eq of Ag* ions must have migrated from the anode. 


geq. As a result of 


i = —_ Equivalent loss at anode 4.745 x 1074 
(Agt) Equivalent of Current passed 9.886 X 1079 
= 0.480 


NO») = 1 — 0.480 = 0.520 


EXAMPLE 13.10 Ina moving-boundary method, a current of 25 mA was 
Passed for 80 s, During this ti 


containing 0.01 mol dm-3 owards the cathode. Calculate 
the transport numbers of H* and CI- ions, 


(The cross-sectional area 
of the glass tube is 1.00 x 1077 m2), 
Solution Transport number of He; 
eae cial 
Œ+)  1000Q 
l = 16.8 cm = 16.8x 10 m, A = 1.01075 m*, C= 001 mol dm~? 
Q = 25.0x10™? A xX 80 s/96500 F 


, — (16.8 x 10-2 m)x(1.0 X 1075 m?) x 
(H+) 


(0.01 mol dm-3) 
1000 x 25:0 x 10-* x 80 


96500 
= 0.81 


=p gs = 
4g te ea 0.8iy Soup 


13.7 LIMITING IONIC EQUIVALENT CONDUCTANCES 


With the knowledge of the transport number of the 


ion and limiting 
equivalent conductances of the electrolyte, the limiting 


ionic equivalent 
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conductances can be determined from the relation, 


o 


Ap == NO TY and E NASENNE 


where à% are the limiting ionic equivalent conductances of cations and 


anions, respectively. 


13.8 ABSOLUTE VELOCITY OR IONIC MOBILITY 


The actual velocity of an ion depends upon the potential 
gradient. If the potential gradient is 1 V cm™}, the velocity of the ion 
is called its absolute velocity or ionic mobility. It may be defined as the 
distance travelled by anion per second under a potential gradient of 
1l volt per cm, It can be shown that 
Equivalent ionic conductance 
Faraday in coulombs 
EXAMPLE 13.11 The ionic conductances of Lit, Na* and K* are 38.6, 
50.1 and 73.5 271 cm? eq~1, respectively. Calculate their ionic mobilities. 
Solution Tonic mobility of an ion: 
Ae 
uy E 
t _ 38.6 Q7? cm? eq? 
(Li+) 96500 C eq? 


Ionic mobility (u4) = 


= 4.0 X 10760-1 cm? C1 


= 4 X 1074 cm? s~1 V-11 
[C=As=CO=AsQ,AN=V n. Cm0 = Vi si] 
50.1 Q- cm? eq% “em? s-1 V2 
Una). jDESODC.EG; gla ai ATA oem len 
73.5 Q7} em*® equ? __ SCM usm VE 
“gy ~ soa | ewe 
EXAMPLE 13,12 The limiting equivalent conductance of silver nitrate is 
133.36 Q-1 cm? eq™?. Transport number of the silver ion is 0.475. 
(a) What are the limiting equivalent ionic conductances of silver 
and nitrate ions ? 
(b) What are their ionic mobilities ? 
Solution 


(a) Limiting ionic equivalent conductance, 
A= AP ey 


NaNO) = 133,36 Q-1 cm? eq>, t? = 0.475 
cage) = 133.36 x 0.475 = 63.35 Q71 cm? eq”? 


= 133.36 — 63.35 
= 70.01 Q7! cm? eq? 


re N o 
(NOs~) Magno.) A (Ag+) 
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xe 
+ 
(b) Tonic mobility =e 


139, = Ae 
Ionic mobility of Ag? = go 6.56 X 1074 cm? s71 y-1 


Ionic mobility of NOs = FOLL 7,25 x 19-4 em? s“ y- 
EXAMPLE 13.13 The ionic equivalent conductances of Na+ 
in 0.1 molar sodium chloride are 45 and 63 Q-1 
their ionic mobilities and transport numbers ? 
Solution 


and Cl” ions 
cm? molt, What are 


Se iy -4 2 71 yr1 
96500 4.66 X 107! cm? 5-1 y 
6 


6 
Tonic mobility of CI- = Nor) a= es 6.53 X 10-4 cm? 5-1 y-1 
F 96500 ~ ° eis 


à 
Tonic mobility of Nat = “Nah _ 45 


Transport number, 
Aaa) 5 


4 
t SF —_—— <= 
Ne) AGAR FACIS F63 ~ 9-417 


5 
tar) =1- ‘Naty =1— 0.41 


13.9 IMPORTANT APPL 


ICATIONS OF CONDUCTANCE 
MEASUREMENTS 


The important applications of conductance measurements are: 


Determination of Deg i Weak Electrolytes 
The degree of dissociatj i 


ductance Ae of the solution at concent 


a= Ae 
A A? is obtained from Kohlrausch’s law. For a weak acid or base 
dissociating into two ions, the dissociation constant is given by 
2 


Frere 2S C UNA 2 
l—a A RON °— fe) 
Solubility of Sparingly Soluble Salts 
Ifa pure sample of a Sparingly soluble salt is shaken with conductivity 
water, it forms a saturated solution. The conductivity of the solution 
is measured and the equivalent conductance calculated from the X° of 
the ions. This is then related to the concentration to calculate 
solubility: 
x 0 
Atm ET 


where C gives the solubility in gram equivalent/litre, 
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Conductometric Titration 
During a titration, the concentration of ions changes when the titrant is 
added to the titre. This change in concentration is easily detected by the 
conductometric method. Thus, depending upon the titration, the conduc- 
tance of a solution may increase, decrease, OT remain approximately 
constant till the end point. After the end point, due to the additional 
amount of electrolyte added, the conductance may further change 
(increase or remain constant). The plot between conductance of solution 
and volume of titrant added is called the conductometric titration curve. 
The end point is detected by the break in the curve. Some important 
titration curyes are given below: 
(a) Titration of a strong acid and 
strong base (e g. HCl + NaOH) 


‘d*+Ci+Na*+OH” ——> 
Na*t+Cl-+H20 

In the beginning, H* ions are re- 

placed by slow-moving Na+ ions 

and the conductance decreases 

(Fig. 13.1). After the end point, VolumelotNaOn Sslutea 

+ - i i A 
Na and" OH ‘ions ancreasp gand Fig. 13.1. Conductometric _ titra- 


hence the conductance increases. tion of a strong acid (HCl) and 
a strong base (NaOH). 


iS end point 


Conductance —+» 


(b) Titration of a weak acid against a 
strong base (e.g. CH; COOH-+NaOH) 
CH;COOH+ Na*-++OH- ———> 

CH;COO-+Nat+H.20 
After an initial decrease due to the 
titration of free hydrogen ions, the 
conductance increaseS*because of 
the net gain of CHsCOO™ and Nat 
ions (as neutralization proceeds) 
(Fig. 13.2). After neutralization, Valume.ot. NaOH Solution 
the conductance increases sharply state 

Fig. 13.2 Conductometric titration 


due to an excess of Na* and of a weak acid (CHCOOH) and a 
OH- ions. strong base (NaOH), 


(c) Titration of a strong acid against a 
weak base (e.g. HCl-+-NHsOH) 
H*+Cl-+[NH,OH]>NHi*+Cl+H:0 
The conductance decreases initially be- 
cause of the replacement of fast-moving 
H* ions by slow-moving NH,* ions 
(Fig. 13.3). After neutralization, the 
further addition of weakly ionised 
NH.OH does not make much change. Volume 


pase 
end point 


Conductance—> 


i 
1 
1 
1 
1 
i 
! 


— ` 


end point 


onductance 


> 
| 


1 
i 
1 
i 
1 
1 
i 
i 
1 


E NHOH solution 


Fig. 13.3 Conductometric titration 
of a strong acid (HCl) 
against a weak base 

(NH0OH). 
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(d) Titration of silver nitrate against 
halide ion (e.g. AgNO;++KCl) 
Agt++NO;-+K*+cCr > 
K*+NO;°+AgCl 
Initially, conductance Temains almost 
constant because Ag* ions are ceplaced 
by K* ions and both have almost the 
same mobility (Fig. 13.4). After the end 
point, it increases because of the addi- 
tion of more and more K+ and Cl ions. 


Conductance 


Volume of KCl solution 


Fig: 13.4 Conductometric titra- 
tion of silver nitrate 
against halide ion 
Tonic Product of Water The conductometric method has also been used 
to calculate the ionic Product of water, 


EXAMPLE 13.14 (SI Units) Molar Conductance of 0.1 molar acetic acid 
is 5 S cm? mol-1, What i i 

the molar conductance of 
mol"! ? 


Solution Dissociation constant of acetic acid 


— Ca? 
a (—a) 
where a= A 


5.0 
or a= 390.7 = 128x1072, C = 0.1 mol dm=3 


K, = (0-1 mol dm-) x (1.28 x 1072)2 


(11.28 10-2) —— 
= 1.66% 10" mol dm~? 


EXAMPLE 13.15 The specific conductivity ofa 0,5 N solution of KCI at 
20°C is 0.054 Q~1 


‘ cm™. Its equivalent conductance at infinite dilution is 
130.4 Q-1 cm? eq". Calculate the apparent degree of dissociation of 
0.5 N KCl at 20°C, 


Solution Equivalent conductance, 
Pa me k 


« = 0.054 Q-1 cm~, C 


= 0.5 eq [71 
— _1000x0.054 
A 0.5 i 


= 108 2-1 cm? equ) 
Degree of dissociation 
A 


a = => 


A? = 130.4 Q-1 cm? eq™ 
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108 
e= 7304 ~ 0.828 

Note KCl is a strong electrolyte and is completely dissociated. The apparent 
degree of dissociation is duc to interaction, which make it a non-ideal solution. 
EXAMPLE 13.16 The conductivity of a saturated solution of BaSOs is 
3.06X 107° Q-! cm7!. The equivalent conductance of BaSO, at infinite 
dilution is 143 Q71 cm? eq72, What is the solubility of BaSOs at 25°C 
in (a) gram equivalents per litre (b) moles per litre (c) grams per litre ? 
(d) Calculate the solubility product of BaSOs. 


Solution Equivalent conductance, 


_ 1000 « 
NV Ce, 


where C gives the solubility (g eq /“), « = 3.06 X 1076 Q7! cm™ 
A = 146 Q icm? eq * 
. „1000x _ 1000%3.06% 10-° 
(aja G= a ike rA 
= 20.96X 107° eq I= 


=e 
(b) Solubility = 226X105 — 10,48 10-8 mol l-i 


2 
[Molar mass = 2X Eq. wt.] 


10.48% 10-8 233 = 2.44x 1078 g I 
[Molar mass of BaSOs = 233) 


(d) Solubility product, Ksp = [ Bat* [sor] 


[ Bar | = 1048x 107° mol /-4, [sor | = 10,48 x 1076 mol I>? 
K.p = (10.48 X 1078) x (10.48 x 107°) 
= 1.1107 (mol I")? 


EXAMPLE 13.17 In the titration of 100 ml of a dilute solution of 
hydrochloric acid with 0.5 N NH1OH, the following conductance data 
are obtained: 


(c) Solubility 


Vol. of NH.OH added (ml) 4 6 8 10 12 14 ais 17 
Resistance of solution (Q) 76 68 62 57 53 50 49.5 49 


What is the normality of the acid ? 
Solution The graph between conductance (1/R) of the solution and the 
volume of NHsOH added (Fig. 13.5) gives a break in the curve corres- 
ponding to volume 12.5 ml. Therefore, volume of NH,OH used 
= 12,5 ml. 
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-1 


Conductance (1) 


S 8 


D 


D` 
=, 


w 
te} 


i he ee ee 
2 4 6 8 10 42:14 16 18 20 
VOLUME OF NH,O fifmnl ) a 


Fig. 13.5 The graph between conductance of the solution 
and the volume of NH,OH added, 


Nyy S NV 
Now, o i alkali 
Nı x100 = 0.5x 12.5 
OS XIIS = 
N = 100 = 0.0625 N 


MISCELLANEOUS EXAMPLES 


EXAMPLE 13.18 (SI Units) A glass tube of 2cm internal diameter is 
fitted with platinum electrodes 50 cm apart. The tube is filled with a 
0.1 N solution of KCI at 25°C (specific conductance — 0.0129 S cm™). 
What will be the current passing through the Solution 
difference of 1.234 V is applied across the electrodes 2 


Solution Cell Constant = y 


if a potential 


l= 500m, a= rr T x(2) = 3.14 cm? 
50 
ll constant = 50. a 
cell constant 3j4 ™ 
DN 
R = Cll constant 374 ™ 


K 0.0129 S em=1 = 1234 2 
Now I= = 
E = 1 234 V, R = 12349 


1.234 
= “1234, = 0.001 A or 1 mA 
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EXAMPLE 13.19 (SI Units) What must be the ratio of HCI and KCl ina 
solution if the transference number of the H* ion is 0.53 ? The limiting 
ionic equivalent conductances ate Àg) = 349.8, Àk} = 73.5 and 
\cl-) = 76.3 S cm? mol}. 
Solution Let the concentrations of HCI and KCl in a solution, in which 
the transference number of H* = 0.53, be C, and C», respectively. 
The transport number of H* 

Carty àm» 
Coa) Aart Cas) AHFC) Ac) 
M Cı ÀH» 

~ Cy Amat Ce Àh (C1 +C2) Acci) 
Dividing the numerator and denominator by C2, 


t(Ht) = 


Cı 
T MB) 


tn» = ral C. 
T AE» + AK» Fh 1+8) Mer) 


& APE c 
GMa -[ -5 Amy + axo +{ Ha) xan] tar 
@ 
= & Aa Paster te Acr) 
G: EER ia ] e: 
apa AcKH+ ACI) iw 73.5+76.3 
C AAt (s ind 
ra (Gam 1)— Aer) 349.8( 53-1) - 763 
=0.64 


or 


Cauchy = 0.64 Cci) 

EXAMPLE 13.20 The specific conductance of an 0.1 N acetic acid 
solution at 18°C is 0.000471 Q7? cm™? and that of 0.001 N sodium acetate 
is 0.0000781 271 cm™?. What is the degree of dissociation of acetic acid 
at the above dilution and temperature if the ionic conductivity of the 
H* ion is 349.8 and that of Na* ion is 44.4 Q71 cm? eq + (sodium acetate 
is regarded as completely dissociated)? 

Solution Equivalent conductance, 


x 100 
A(CH,COOH) = od 
« = 0.000471 2°! cm™4, C = 0.1 
0.0 x1 
are /\(CHsCOOHR) = “200d x 1000 = 4,71 Q! cm? equ? 
_ «x 1000 
A(CHsCOONa) = ~o 
« = 0,0000781, C = 0.001 
0.0000781 x 1000 


A(CH,COONa) = —— 9.99] = 78.1 2°? cm? eq? 
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Now,  A(CH,COONa) = À(CH:C00-Ṣ-) + A(Na*) 


À (Na+) = 44.4 Q! cm? eq} 
78.1 = \cu.coo-) + 44.4 
or \(CH,COO-) = 78.1 — 44.4 = 33.7 O71 cm? eq"? 
A*cHsCooH) =A (CH.COO-)+AcH+) = 33.7+318.0=351.7 
x 4.71 
Degree of dissociation, « = 3517 7 0.0134 
QUESTIONS 


Numerical Problems 
43.1 The conductivity of a 0.1 N Potassium chloride solution at 25°C is 0.012886 


13.2 


13.3 


13.4 


13.5 


13.6 


13.7 


13.8 


13.9 


13.10 


Q-1 cm-1. The resistance of a Conductivity cell filled with this solution at 
25°C was found to be 100 Q. What is its cell constant? When filled with 
another solution, its resistance was 20 Q. What is’ the conductivity of the 
second solution? 


(SI Units) The resistance of a 3 x 10-1 mol dm-3 aqueous solution of an 
electrolyte and a sample of water are 6.5 x 10! Q and 7.5 x 105 Q, respec. 
tively at 25°C. The cell constant of the conductance cell is 2.540 cm-}, 
Calculate the molar conductance of the solution, 


(SI Units) The molar Conductivity of a 0.025 mol dm-* aqueous potassium 
chloride solution is 150 Q-1 cm2 mol". Its resistance in the cell was found 
to be 80 Q. What is the cell Constant? 


A conductivity cell, when filled with 0.02 M KCI (conductivity = 0.002768 
Q= cm) has a resistance of 457.3 Q. What will be the conductivity and 
equivalent conductance of a 0.05 N CaCl, solution if the same cell, filled with 
this solution, has a resistance of 202 Q? 
Determine the resistance of a conducting cell filled wit 
an electrolyte whose equivalent conductance is 419 Q 
constant is 0.88 cm-1, 


ha0.01 N solution of 
T1 cm? eq-1, The cell 


The resistance of a cell filled with 5 Xx- 10-5 M LaCls solution is 22.5 Q. 
Calculate the molar Conductance of the Solution. The cell Consists of two 
electrodes of equal area (2.5 x 10-3 m?) separated by 0,01 m. 


The limiting equivalent conductance of ammon 
dilution is 149,7 Q-1 cm? eq-1, Calculate the limiti 


of NH4OH at infinite dilution, given that the ionic mobilities of OH- and 
Cl- are 2.05 x 10-3 and 7.93 x 10-4 cm? s71 y- respectively, 


ium chloride at infinite 


In 0.1 N HClat 0°C, the mobilities of H+ 
7.9 x 10-4 cm? s-1 v7, Tespectively, Calculate 
(a) the equivalent conductance of 0.1 N HCI, 
(b) the conductivity of 0.1 N HCl. 


(SI Units) Calculate the molar Conductance of 
298 K. The molar conductance at infinite qj 
NaNO, are 133.3, 126.4 and 121.5 Q-1 cm? 


AgCI at infinite dilution at 
lution of AgNO, NaCl and 
Mol, respectively, 


13.11 


13 12 


13.13 


13.14 


13.15 


13.16 


13.17 


13.18 


13.19 


13.20 


13 21 
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The molar ionic conductances at infinite dilution, at 25°C, for certain ions 
are given below: 

ion Lit NH, Batt GIS S0,- 
2°. (Q71 cm? mol) 38.7 73.4 127.3 76.3 159.6 


Estimate the molar conductances of aqueous LiCl, (NH4):-SO4 and BaCly, 


A solution of silver nitrate was electrolyzed between platinum electrodes, 
The fall in concentration of silver ions in the anode compartment is 1.2 g per 
unit volume, while the corresponding fall in the cathode compartment is 
0.93. Calculate the transport numbers of Ag* and NOs ions. 


(SI Units) A decimolar solution of copper sulphate was electrolyzed between 
platinum electrodes. After passing current, a fall in concentration of 
0.00325 g eq occurred in the anode compartment. The weight of copper 
deposited in a coulometer placed in series was found to be 0.422 g. Calculate 
the transport number of Cu?+ and SO4?- ions. 

A solution containing 10.6 mg of silver per 10 g of the solution was electro- 
lyzed between silver electrodes. The anode liquid after electrolysis, contain- 
ed 17,176 mg of silver per 10 g of anode solution. In a silver coulometer in 
series, 13.47 mg of silver was deposited. Calculate the transport number of 
silver and nitrate ions. 


An aqueous solution containing 9.6% by wt of CuSO, was electrolyzed bet- 
ween copper electrodes. After electrolysis, 5.726 g of CuSO, was present in 
54,56 g of the anode solution. The weight of silver deposited in a silver 
coulometer placed in series was 0.9328 g. Calculate the transport number 
of Cu** ions. 


(SI Units) Ina moving-boundary experiment in aqueous sodium chloride 
of 10 mol m~ concentration, the sodium ion moved 8.5 cm towards the 
cathode on passing 2.1 C of electricity through the solution. The area of 
cross section of the tube was 1 x 10-° m*. Calculate the transport number 
of Nat and Cl- ions, 

In a moving-boundary method, a current of 20 mA was passed for 15 min. 
If the radius of the capillary is 4 mm, calculate the distance moved by H*in 
a solution of concentration 50 mol m~: (Transport number of H+ = 0.830). 


In a moving boundary experiment with 1 N KCI solution using cadmium 
chloride as indicator, a current of 0,0115 A was Passed for 30 min and the 
boundary moved through a volume of 0.106 ml, Calculate the transport 
number of K+ ion, 

The equivalent conductance of sodium chloride at infinite dilution is 126.45 
Q.-1 cm? eq-1, and the transport number of the sodium ion under these con- 
ditions is 0.401. What is the ionic mobility of the Cl- ion at this 
temperature ? 

At 298 K, the resistivity of an aqueous solution of an organic acid (RCOOH) 
of concentration 8 x 10-8 mol dm-3 was 465 Q cm-3. The limiting molar 
conductance at infinite dilution for this acid is 478 Q-2 cm? mol}, Calculate 
a at that concentration. 

The specific conductance of a saturated solution of CaF, at 18 
Q-1cm-1, The equivalent ionic conductances at infinite dil 
and F- ions are 51 and 47 cm?! Q-1 eq-, respectively. 
Ca** and F- ions are present in the solution, calculate 
(a) the solubility of CaF, in g )-1 

(b) the solubility product of CaF, 

The specific conductance of the water use 
0.05 x 10-5 Q-4.cm-3, 


°C is 4.3x 10-5 
ution for Ca! 
Assuming that only 


d for making the Solution is 
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13.22 


13.23 


13.24 


13.25 


(SI Units) The equivalent conductance of 0.1 M NH,CI solution is 128.75 S 
cm? eq-!. Its equivalent conductance in the presence of excess of NH,OH 
is 128.75 Scm*eq-!. What is the degree of hydrolysis if A°(HCI) at this 
temperature is 426.6 S cm? eq-!? 

Calculate the molar conductance at infinite dilution for the salt 
COONa 

| from the following data: 

COOK 

(Nat) = 50.1, (K+) = 73.5 and 2(0x?-) = 74.1 S cm? eq-1, 

The mobilities of Nat and Ci- at 25°C, in water, are 5.19 x 10-4 cm?s 3 
and 7.91x10-* cm?s V-1, What proportion of the current is carried by the 
chloride ions in a 1 x 10-3 mol dm- NaCl solution? What will be the 
change in the fraction of current carried by the chloride ion on adding an 
equal volume of 1 x 1073 mol dm~? HCI? 


Sodium chloride, weighing 58.5 g, is dissolyed in 10,000 / of water at 25°C, 

giving a solution which may be regarded as infinitely dilute. If the jonic 

conductances of Na+ and Cl- ions are 50.1 and 76,3 Q-1 cm? eq™!, respecti - 

vely, calculate: 

(a) the equivalent conductance of the solution 

(b) the conductivity of the solution, 

(c) the resistance of a cylindrical column of such a solution whose height is 
20 cm and base radius 2 cm, 


QUIZ QUESTIONS 


Type A: Multiple Choice 
13.26 Electrolytic conduction is due to the moyement of 


13.27 


13.28 


13.29 


13.31 


(a) electrons (b) ions 


(c) atoms (d) electrons as well as ions 


Which of the following solutions of NaCl will have the highest specific 
conductance? 


(a) 0.001 N (b) 0.01 N 
(c) OLN (d) 1.0 N 
Equivalent conductance can be expressed jin terms of 


: 1 specific conductance 
(x) and concentration (C) gram equivalent per dm~? as 


(a) kx C (b) <x 1000 
Ro: 
(c) -1000 (d) x x C x 1000 


Which of the following statements is not correct ? 
(a) The conductance of one cm? of a materjal is called specific conductance. 


(b) Specific conductance increases while equivalent conductance decreases 
on progressive dilution, 


(c) The limiting equivalent conduct 

determined by extrapolation of th 
(d) The conductivity of metals is due 
Equivalent conductance is expressed i 


ances of weak electrolytes cannot be 
e plot of A against concentration, 
to the movement of electrons, 


pecans n the units 
(a) S oe a 1 (b) S cm? eq-1 
(c) S cm? eq (d) S cm: eq 


The fraction of the total current Carried by an ion is called its 
(a) ionic mobility (b) transport number 
(c) limiting ionic conductance (d) none of these 


13,32 


(a) 


(c) 


13,33 


13.34 


13.35 


13.35 


13.37 
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Which of the following plots will be obtained for a conductometric titration 
of a strong acid against a weak base? 


(b) 


Conductance 


Conductance 


Vol of alkaline solution Vol of alkaline solution 


(d) 


Conductance 
Conductance 


Vol of alkaline solution Vol of alkaline solution 


Fig. 13.6 


If for a solution of an electrolyte, f, is the transport number of the cation, 
then the transport number of the anion t. is equal to 

(a) t4/2 (b) 1— ty 

(c) 1+t. (a) (1— 1/2 

If A. is the equivalent conductance at concentration C and A° is the limit- 
ing equivalent conductance, the the degree of dissociation « is 


(a) a= A Ae O a=1-45 


Ne A°— Ac 
Ka A° 
Which of the following relations expresses Kohlrausch’s law ? 


(b) t x Av HE 


(c) «= (d) «= 


(d) 22196500 = °_ 


When a concentrated solution of an electrolyte is diluted 
(a) its specific conductance increases 
(b) its equivalent conductance decreases 
(c) its specific conductance decreases and equiyalent conductance increases 
(d) both specific and equivalent conductance increase 
If in a solution of 1—1 electrolytes, u, and u_ are the velocities of cations 
and anions, respectively, the transport number of cations is equal to 
Uy b 

uy + u- () 
uü, — UL 

u, 


(a) 


(c) 


+ 
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13.38 Which of the following statements is correct? 
(a) The transport number of a cation is equal to its equivalent conductance 
divided by the specific conductance, 
(b) The sum of the transport numbers of all the ions present in a solution 
is unity. 
(c) The transport number of an ion is inyersely proportional to its mobi- 
lity. 
(d) The transport number of a cation is equal to that of the anion. 
13.39 The correct units for the cell Constant are 
(a) Q-1cm-1 (b) cm~ 
(c) cm? (d) Q cm-1 
13.40 In the Hittorff method for the determination of the 


(a) W- x)/y (b) xjy 
(c) y/x () (x = y)/x 
13.41 Which of the following types of plots (Fig. 13.7) would 


V you expect from the 
titration of a solution of AgNO; against KCI solution? 


ta) (b) 


Conductance 
Cenductance 


Volume of KCI solution Volume of KCI soutien 


ta) 
v 
g è 
3 5 
55, 
5 Y 
$ i, 
v 1 o i 
i Oo | 
S ‘Volume of KCI solution Volume © AEREA 
Fig. 13.7 
13.42 Fora weak electrolyte, the dissociation c 
o; s 
lent conductance at concentration © Cn i ne in Is related to the equiva 
At ca? 
PO nas () E n 
2 
z CA; cat 
Seth a aS 


13.43 


13.44 


13.45 


13.46 


13.47 


13.48 


13.49 
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During the titration of a weak acid against NaOH, the conductance of the 
solution after the neutralization point 

(a) is constant 

(b) decreases 

(c) varies irregularly 

(d) increases 

In the determination of the transport number of Ag+ in AgNOs solution, 
using platinum electrodes, the concentrations of the anode compartment 
have been found to be a and b g eg per 100g of water in the solution after 
and before electrolysis. The weight of the copper deposited in a copper 
coulometer placed in the series was found to bec g. The transport number 
of Ag+ is (at. wt of Cu = 63.6) 


a—b c— (a+b) 
@ Zx 636 @), GEO 
opie ts ore —* x 318 


The specific conductance of a saturated solution of silver chloride is 
x Q-1cm7!, The limiting ionic conductances of Ag+ and Cl- ions are x and 
y, respectively, The solubility of silyer chloride, in g /-1, is (molar mass of 
AgCl = 143.5) 


x x 1000 K 


o O) Spy x M35 
K X 1000 x 143.5 x+y 1000 
() x+y O E XIs 


According to the Debye-Huckel theory of strong electrolytes, an ion moving 
in an atmosphere of oppositely charged ions experiences a drag. This effect 
is known as the 

(a) asymmetric effect (b) electrophoretic effect 

(c) inter-ionic effect (d) concentration effect 

The equivalent conductance ofa 1 N solution of an electrolyte is nearly 

(a) the same as its specific conductance 

(b) 10° times more than its specific conductance 

(c) 10-? times its specific conductance 

(d) 100 times its specific conductance 

The transport number of H+ jon in a solution Cı Min HCI and Ca M in 
BaCl, can be written as 


aay 


w ———— 
) tary F Bae) F ZNC) 


CA 
TEE E SE E sel 
Cı H+) + 2C: (Batt) + (Ci +2 C3) EI) 
© Sat) 
Cary + Ca Naani) F NCI) 
C1, 


(d (H+) 
IG May + 2 Ca Baar) F 2C: XE 


The equivalent conductance (A) and molar conductance (A m) of BaSO, are 
related as 

An 
(a) A=-3 (b) = 


(c) A = An (d) Se ip 
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13.50 The equivalent Conducta 
(u+) and anion (u_) as 


(a) A= Uz + u 
©) A= ory 


nce (/\) is related to the ionic mobility of the cation 


ome re 
u 
©) A =i 


(d) A=u.F+u_F 


Type B : Multiple Choice (Numerical Problems) 


13.51 The conductivity of a 0.1 N KCI solution at 25°C is 0.012886 Q-1 cm-1, The 
resistance of this solution, placed in a conductivity cell, was found to be 
100 Q. The cell Constant of the conductivity cell is 


(a) 12.886 cm-1 (b) 1.2886 cm-1 

(c) 1.2886 x 10-4 cm~ (d) 0.0012886 em-1 
13.52 The resistance of a 0.01 N solution of an electro. 

25°C. The equivalent conductance of the 

= 0.5 cm3) 

(a) 25 Q-1 cm? eq-2 

(c) 250 Q-1 cm? eq~: 


13,53 The equivalent conduci 
to be 400 Q-1 cm? eq~: 


lyte was found to be 200 Q at 
solution is (cell constant 


(b) 40 Q-1 cme eq~! 
(d) 125 Q-1 cm? eq-1 


+ The cell constant of the cell is 1,0 cmi, What is 
the resistance of the solution? 
(a) 20 Q (b) 2000 Q 
(c) 400 Q (d) 25Q 


13.54 The limiting equivalent conductances of NaCl, KC] and KBr are 126.5, 


150.0 and 152.0 S cm? egi, respectively, The limiting equivalent ionic con- 
ductance for Br- is 76 S c 


m? eq-1, The limiting equivalent ionic conduc- 
tance for Na+ ions would be 
(a) 128.5 (b) 124,5 
(c) 74.0 (d) 52,5 
13,55 The limiting ionic conductance of an ion is 48.25 S cm: eq-1. Its ionic mobi- 
lity is i. 
(a) 5.0 x 10-4 cm? y-1 st (b) 5.0 x 10-8 cm? y-1 s74 
(c) 48.25 Q-1 cm? eg-1 


(d) cannot be calculated 
13.56 The specific conductance of a 0. 


0.0004510 § cm-1, The equivalent cond 


peel uctance of this electrolyte at infinite 
dilution js 300 S cme eq~. The degree of dissociation of the electrolyte is 
(a) 0.66 (b) 0.15 
© 0.015 (d) 0.066 

13.57 The equivalent conductance of sodi 


solvent, is 110 Q-1 
under these conditions is 0.40, T 8 equivalent conductance of the 
Cl- ion at this temperature would be 

(a) 44 Q-1 cm: eq~ 


cm=t eq-1_ 


(b) 66 Q-1 cm? eq-1 
66: 
(9 asg emt Vs (D emt egi 


13.58 


13.59 


13.60 


13.61 


13.62 


13.63 


13.64 


13.65 
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The equivalent conductances of CH4COONa, HCI and NaCl at infinite dilu- 
tions are 91, 426 and 126 S cm*eq-1, respectively, at 25°C. The equivalent 
conductance at infinite dilution for CH;COOH would be 

(a) 209 S cm? eq~: (b) 391 S cm? eq-? 

(c) 461 S cm? eg-! (d) none of these 

A solution of HCI was electrolyzed in a transference cell between platinum 


electrodes. The cathode compartment contained 0.354 g of chloride ions 
before electrolysis and 0.326 g afterwards. A silver coulometer in series had 
a deposit of silver equivalent to 0.1750 g of Cl- ion. The transport number 
of the H+ ion would be 

(a) 6.25 (b) 0.84 

(c) 0.16 (d) 0.26 

The ionic conductances of Na+ and Cl- ions in 0.1 M sodium chloride are 
45 and 65 Q-1 cm? eq~!. The transport number of the Cl- ion would be 

(a) 0.409 (b) 0.591 

(c) 0.152 (d) 1—0,152 

The specific conductance of a saturated solution of AgCI at 25°C is 2.07 
X 10-6 Q-1cm-1, The limiting equivalent ionic conductances of Ag* and 
CI- ions are 62 and 76 Q-! cm? eq~}, respectively. What is the solubility of 
AgCI? 

(a) 2.0 x 10-5 g eq /-1 (b) 1.5 x 10-8g eq I7! 

(c) 1.5 x 1075 g eq-/-1 (d) 2.0 x 10-* g eq 1- ; vs 
In the moving-boundary method, the transport number of H+ ion has 
been-found'to be 0.8304 in HCI solution. The transport number: of the 
Cl- ion would be 

(a) 1.8304 (b) 0.2696 i 

(c) 0.1696 (d) cannot be predicted 

The equivalent conductance of ammonium chloride at infinite dilution is 
150 Q-1 cm? eq-1, The ionic conductances of OH- and Cl- ions are 198 
and 76 2-1 cm? eg-1, What is the equivalent conductance of ammonium 
hydroxide at infinite dilution? 

(a) 272 Q-1 cm? eq-1 (b) 124 Q-1 cm? eq~! 

(c) 274 Q-1 cm? eq-1 (d) 424 Q-1 cm? eq~! 

The molar conductance cf sodium acetate is 91 Q-1 cm? mol"? of hydro- 
chloric acid is 426 Q-1 cm? mol-1 and of sodium chloride is 126 Q-} cm? 
mol-!, The limiting equivalent ionic conductance of the H+ ion is 341. What 
is the limiting ionic equivalent conductance of acetate ion? 

(a) 391 Q-1 cm? eq~! (b) 120 Q-1cm? eq-? 

(c) 471 &-1 cm? eq-t (d) 40 Q-1 cm? eq~! 

During the electrolysis of a solution of silver nitrate using silver electrodes, 
an increase in 0.000155 g eq of the silver ion has been observed in the anode 
compartment. At the same time, 0.0003 g eq of copper was deposited in the 
Copper coulometer placed in series. The transport number of the Ag+ ion 
would be 

(a) 0.516 (b) 0.483 

(c) 0.464 (d) 1—0.483 


Type C: True or False 


13,66 
13.67 


13.68 


In electrolytic conductance, current is carried by electrons. 

At infinite dilution of an electrolyte, the equivalent conductances of cations 
and anions are independent of each other. 

Electronic conductance decreases while ionic conductance increases with 


increase in temperature. 
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13.69 The molar conductance decreases on dilution. 

13.70 The limiting equivalent conductance of weak electrolytes can be obtained by 
extrapolation of the A versus Concentration plot to zero concentration. 

13.71 During the Measurement of the transport number in a transference cell, there 
is no change in Concentration in the middle compartment, 

13.72 The distance travelled by an ion, per second, under a potential gradient of 1 V 
cm~? is called the transport number. 

13.73 During electrolysis in a transference cell, there is always fall in concentration 
of the cation in anode compartment, 

13.74 Ostwald's dilution law has been found to hold good in the case of weak 
electrolytes. 


13.75 The conductance of 1 cm? of a material is called its specific conductance. 


Type D: Fill in the Blanks 

13.76 The reciprocal of conductivity is called —————— 

13.77 The units of — are Q-1 cm? mol-1, 

13.78 Equivalent conductance of ele 
temperature, 

13.79 The units of jonic mobility are —____ Š 

13.80 In SI units, Conductance is expressed in ———. 

13.81 The product of equivalent conductance and viscosity is called ——_____ > 

13.82 On progressive dilution, specific conductance ——m——— and equivalent 
conductance —————— . 

13.83 Equivalent ionic conductance/Faraday in coulombs, is called 

13.84 Scm? eq~? are the units for s 

13.85 During electrolysis of a soluti 
Hittorf’s method, the c 


wil] ——_____ 


ctrolyte solution ———__ with increase in 


Numerical Problems 

13.1 1,289 cmt, 0.6445 Q-1 cm-1 13.2 129.1 13.3 0.3 cm-1 73.4 6.27 x 10-8, 

125.4 13.5 2109 13.6 356 13,7 271 13.8 51.05 13.9 428.4, 0.0428 13.10 

138.2 13.11 115, 306.4, 279.9 13.12 0.563, 0:437 73,13 4 = 0,245, 
a (Cut+) = 0.245, 

t = = 

(SO!-) = 0.755 13.14 "Agty = 0.486, "NOz) = 0.514 73.15 0.217 13.16 


Quiz Questions 
13.26 (b) 13.27 (a) 13.28 (b) y 
13.33 (b) 13.34 (c) 13.35 (c) te se a 
oe ie iB E e 1893 (DITI E 1345 (©) 13.46 (a) 
x : i Gi 30 (d) 13,52 13.53 (d) 
13.54 (d) 13.55 (a) 13 56 (c) 13.57 (b) 13.58 AROERI 
13.61 (c) 13.62 (c) 13.63 (a) vee oe ks ens ae 
Carried by cations and anions 3 meee urren 
13.71 True 13.72 False: It i 


True 13.76 resistivity 
79 cm*V-1§-1 7380 § 13.81 


decreases, increases 13 83 joni ope iyaa 
lent conductance 13.85 increase, nic mobility 13.84 equiv: 


14 
Ionic Equilibrium 


Many substances, such as acids, bases and salts, on dissolution in water, 
split into charged particles (cations and anions). Such substances are 
called electrolytes and the resulting solutions are called electrolytic 
solutions. All substances do not dissociate into ions to the same extent, 
rather there is a state of dynamic equilibrium between ions and 
unionized particles. The different types of equilibria existing in solutions 
are considered in this chapter. 


14.1 STRONG AND WEAK ELECTROLYTES 


Substances which, on dissolution, dissociate completely into ions are 
called strong electrolytes while those which are not completely dis- 
sociated are called weak electrolytes. 

Most salts, with a few exceptions (such as HgCl,, CdBra, etc.), are 
strong electrolytes. They exist as ions even in the solid state, e.g. NaCl, 
KCl, etc. On the other hand, a large number of acids and bases are 
weak electrolytes, with the exception of some mineral acids and alkali 
and alkaline earth metal hydroxides. In the case of solutions of weak 
electrolytes, undissociated molecules and ions are in equilibrium. 


14.2 ARRHENIUS THEORY OF IONIZATION 


Arrhenius proposed that a chemical equilibrium exists between the 
unionized electrolyte species and the ions formed. Such an equilibrium 
is characterized by a constant known as the ionization or dissociation 
constant. For an electrolyte AB, 


AB = At+Bt 
x = anie (14.1) 
“(AB) 


where K’ is the thermodynamic dissociation or ionization constant, and 
it refers to activities. In dilute solutions, the activities may be replaced 
by concentrations term so that 
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K= eI (14.2) 


where K is called the ionization or dissociation constant and terms within 
square brackets represent concentrations. If, initially, c moles of AB 
are dissolved in one litre of solution and a is the degree of ionization, 
then, at equilibrium, the concentrations of the various species are: 
[AB]=c(1—a), [A*]=ca, [B-]=ca 

and K= = (14.3) 
For strong electrolytes, «=1 and K is infinity. It may be noted that, at 
higher Concentrations, it becomes necessary to use activities of the 
Species instead of their concentrations, The thermodynamic ionization 
constant may be obtained by determining K values at different con- 
centrations and then extrapolating to zero concentration. 


14.3 ACID BASE EQUILIBRIA 


There are three main definitions of acids and bases. 


Arrhenius Theory 
According to this 


Proton while a base is a s 
HCI, HNOs, CH:COOH 


‘The acid-base ñeütralization reaction i 
from an acid to a base, 


HCl + NH: = NH* + cI- 
acid base S 
ae 
“Due to strong interactions between a 


Proton 
exists as Ho 


7 and molecules of water, the proton 
O; ion in aqueous solutions, 


However, the species is generally 
represented by H+ or H,O+ 


in most books, Similarly, 
always written as OH-, 


OH“ exists as H,O; but is 
In this book we shal] write t 


he species as H+ and OH-. 
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It may be noted that when an acid loses a proton, the residual part 
behaves as a base and is called the conjugate base of anacid. Similarly, 
a base accepts a proton to form the conjugate acid. 


—H+ 
HCI ——— Cl- 
acid conjugate base 
+H+ A 
NH: —— > NH, 
base conjugate acid 


HCI and Cl-, NH; and NHj are called conjugate acid-base pairs. The 


neutralization may be expressed as. 


| | 
Acid + Base = Conjugate base + Conjugate acid 


e.g. HCI+H.0 = GE + H;0* 
HCI+ NH: = cr + NH 


The direction in which the acid-base reaction tends to occur depends 
upon the relative strengths of the species involved. Obviously, if the 
acid is strong, its conjugate base is weak, and vice versa. 


Lewis Concept i 
According to the Lewis concept, an acid is a substance which can 
accept a pair of electrons while a base is a substance which can donate 
a pair of electrons. 
The acid-base reaction involves the donation of a pair of electrons 
from the base to the acid, forming a dative bond. 
NHs + BF; —-——> HN —> BF; 


base acid 
Agt + 2CN-——= [Ag(CN):]7 
acid base 


Thus, Bs, Ag*. ete. act as acids and NHa, CNT, etc. act bases 
according to the Lewis concept. Saas 


EXAMPLE 14.1 (a) Classify the following into Lewis acids and bases: 
$17, BFs, Ci-, C.H,0H, (CHS:N, Ag 
(b) What are the conjugate bases of 


HS, H;0*, [AI(H,0)<«]**, HPO, 


(c) Identity the conjugate acid-base pairs in the following reacti.ns 
by marking 1 and 2 


NH; + HCl = NH? + Cr 
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HNO; + CN- = HCN + NO; 


H:O + CO; = HCO; + OH- 
(d) Which of the following can behave as Bronsted acids as well as 
Bronsted bases? 


H:O, HSO, HCO;, HsPO., H.PO, 


Solution (a) Lewis acids: BFs, Agt 
Lewis bases: Cl”, S*-, C2HsOH, (CH;)3;N 
(b) Conjugate bases of 


HS = sh 


—H+ 
[AI(H:0)]3+ = [Al(H.0);OH]2+ 
-H+ 
[H.PO.]- = [HPO,]?- 
(c) Conjugate acid-base pairs: 
Acid; + Base. = Conjugate acid, + Conjugate base; 


HCl + NH: = Nut + cr 
HNO;+ CN" = HCN + NO; 
HO +CO> = HCO; + OH- 


(d) H:0, HCO;, HPO; can behave both as acids and bases. These 


are called amphoteric substances, 


14.4 DISSOCIATION EQUILIBRIA OF ACIDS AND BASES 


Different acids and bases have 


tion. These are determined 
constants, 


different degrees of ionization or dissocia- 
in terms of ionization or dissociation 


Dissociation of an Acid in Water 


The dissociation equilibrium of an acid 
HA = Ht + A- 
If c is the number of moles of 


a is the degree of dissociation, thi 
acid is 


(HA) may be represented as 


the acid in one litre of the solution and 
en the dissociation constant K, for the 


g — THA] _ (ca) x (ca) _— ca? 
BAY ey = ee ea 
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For weak acids « is small so that 1 — « + 1 
K,=co® or «a= y= and [H+] = V Kac (14.5) 


Note The above relations are approximate. Generally, if Ka <10-5 we 
can neglect « in comparison to 1 and solve for «. However, the exact value can be 
obtained by rearranging Eq. (14.4) as 

ca? + Kaa — K, = 0 
Solving the quadratic equation we get 


-K+ | KA Ke 


2c 
An alternative method is to use the method of successive approxi- 
mations. The degree of dissociation of a 0.1 M solution of CHCOOH 
can be calculated from its K, value of 1.8 X 10°% at 25°C as: 
ca? 
l— a 


i= 


(14.6) 


K. = = 1.8 x 10-5 


Let us first calculate the value of « by assuming 1 — « © 1. Let this 
approximate value be a1, i.e. 
0.10? = 1.8x 1075 


ay 1.342 X 107? 
As a second approximation, substitute the value of æ in the deno- 
minator and solve for «. Let the value be a2 


ll 


0.1 a3 
7T=001342 ~ 1.8 x 107% 
as = 1.8 X 0.9866 x 10 
Of = 1.333. On 


This procedure is to be continued till the values of ~ do not differ 
significantly, i.e. 
0.102 


Uy see ee ae -5 
oona SA 


a; = 1.8 X 0.9867 X 10-4 
or a3 = 1.333 xX 10-7 
Since, the values of a, and as are the same, this is the correct value, 
Hei 
a = 1,333 x 10-2 


The approximate value is greater by only about 0.67% of the correct 
value. 
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Dissociation of a Base in Water 
The dissociation equilibrium of a base, BOH may be represented as: 
BOH = Bt + OHT 
The dissociation constant K» may shown to be 


k,=>= 


= ca? 
so that 
a Syo and [OH] = V K, c 


Strengths of Acids and Bases 

Qualitatively, the strengths of acids and bases can be predicted on the 
basis of dissociation constants. The acid (or a base) having a higher 
value of dissociation constant is stronger. But, for quantitative com- 
parison, the concentration of H* ions should be determined for both 
acids in solutions of equal molarity, i.e. 


Strength of acid HA(1) as [ = Kl) + 4; K1) + 4 Ka(1) ¢ 1 
Strength of acid HA(2) | a NT 
[K+ [e+ 4K. | 
where K,(1) and K,(2) are the dissociation constants. 
Similarly, for two bases, 


Strength of base BOH(1) [ - KA) + Hi Ky (1) ki 4K,(1) ¢ 


Strength of base BOH(2) ~ x 
[ -Ko + [EDHO 


EXAMPLE 142 The dissociation constant of acetic acid at 25°C is 
1.8 X 10-5, What is the concentration of hydrogen ion in 0.1 and 0.01 
molar acetic acid solutions? 


Solution Uf « is de 


i gree of dissociation of acetic acid, then the concen- 
trations of various species in solution are: 


H,0 
CHCOOH = H* + CH,COO- 
e(1 — a) ca ca 
Ke IH“) [CHs Coo-] _ ea? 
[CHCOOH] D le 


Assuming « < 1, 
K, = ca? 


or a= E 
c 


For c = 0.1M, K, = 1.8 x 10-5 
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wre J= 1.34 X 10-2 
0.1 


[H*] = ca = 0.1 X 1.34 X 107? = 1.34 X 107% mol /™ 
For c = 0.01M, K: = 1.8 X 107° 


a= [BCI = 4.24 x 10 


[H*] = ca = 0.01 X 4.24 x 10-? = 4.24 X 10-' mol I! 
EXAMPLE 14.3 The dissociation constant of a base at 25°C is 
1.5 X 10-29, What is the concentration of hydroxyl ion in 0.015 molar 
solution of the base? What is its degree of dissociation? 
Solution If « is the degree of dissociation of the base, then the concen- 
trations of various species in the solution are: 
BOH = B*+ OH- 


c(1 — a) ca ca 
so that K = / ca? y ca? 
l-—« 
If «<1 


ats NES 
c 
K, =1.5 X 10719, ¢ = 0.015M 


15 x 10-0 _ 2h 
ROIs 7 10 x10 


Now [OH-] = ca = 0.015 X 1.0 X 107" = 1.5 x 10-8 


Degree of ionisation, « = f 


Dissociation Constants of Polybasic Acids 


Acids capable of giving more than one hydrogen ion (or hydronium ion) 
per molecule are called polybasic or polyprotic acids. For example, 
H.C20s, H2S, H2COs, etc. are dibasic acids and HzPOs, HsAsOa, etc. 
are tribasic acids. These dissociate in stages. For example, 


[H*] [HCO, ] 


HCO; = H* + HCO; =e 
COs ie PE 3 Kı [HCO] 

k x [H+] [coy] 
HCO, = H* + CO; K, = — 


[HCO; ] 


The dissociation constant K, is generally smaller than Kj in any dibasic 
acid. For example, for the above carbonic acid at 25°C, Ki = 4.5 x 1077 
and Ka = 4.7 X 10). 

Similarly, for tribasic phosphoric acid, 


HPO = Ht + HPOL; h=7.5 x 10% 
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HPO, = H*+HPOY; K,=6.2 x 10-8 


HPO; = Ht+ POV; Kk,=4.8 x 1072 


Thus, in polybasic acids, the first dissociation constant is large while 
succeeding ones have small values. Therefore, in these polybasic acids, 
it can be assumed that [H*] in solution is mainly due to the first disso- 
ciation step. The concentration of hydrogen ion from successive disso- 
ciation is negligibly small. However, calculation of the total [H*] is 
possible, though difficult. 


EXAMPLE 14.4 (a) Calculate the concentration of HS, HS-, S?- and H+ 
in a solution of 0.1M H-S, given that 
Ki =1.1 x 107 and K,=1.0 x 1074 

(b) What will be the concentration of S?- if the solution is 0.1M in 
HCI also? 
Solution HS = HS- + H+ 

[H+] [HS] _ <9 
ie THS] =1.1 x 10 
HS- = Ht + §?- 


+ 3 
k= we = 1.0 x 10-14 


Since K, is considerably smaller than &,, the [H*] obtained from the 
second dissociation may be considered negligible. Let « be the degree 
of dissociation of H;S so that 

HS = HS-+Ht 
c(1 — a) ca ca 
or K, = < 
Ifc=0.1M and 1 — ais almost equal to 1, 
0.la? = 1.1 x 10-7 
or a = 1.05 x 10-4M 
[H*] = co = 0.1 x 1.05 X 10-4, = 1.05 x 10-5M = ¢' (say) 
[HS7] = (H+) = 1.05 x 10-5 = ¢’ 
Now, consider the second dissociation 
HS- = Ht + s- 
Let P be the degree of dissociation of HS-. 


Then, [H*}rotal = [H*]ptesoctation 1 + [H*]pissoctation 11 


=c' + ¢'8 
[HS-] = [HS~Ipissoctation v= [HS~]pissoctation u 
DR SRE 
and [S-] = cg 
g=- US eepe 


[HS7] (c’ — cp) 
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UD ULOL _ 
or ce (1 — 8) Le 3 
Since the value of $ is small compared to 1, so that 
(i+ £)1*<(1 —8) 
CR SKE 


2 
a [H*]}rotar = 1.05 x 10 + 1.0 x- 19714 
Now, Kis very small in Comparison to Ky and can be neglected 
compared to [H*]pissociation 1. 
[H*] = 1.05 x 1075 
and [S] = c'B = 1.0 x 10-4 
Thus, concentrations are 
[H:S] = 0.1M (dissociation is very small) 
[HS7] = 1.05 x 10-54 
[H*] = 1.05 x 1075M 
[S7] = 1.0 x 10-“4M 
In the presence of HCI, the ionization of HS will further decrease 
and the concentration of H* ion will be almost due to HCI alone 
Thus, [H*] = 0.1M, [HS] = 0.1M 
= [H*I[HS-] _ (0.1) [HS7] 
so that K = IESI oi 
[HS-] = 1.1 x 1077M 
Similarly, for the second dissociation, 
[H+] [S*=] _ (0.1) [S27] a 
[Bs] “11x107 7 10 X 10734 
or [S77] = 1.1 x 10-29M 


= 1.1 X 1077 


EXAMPLE 14.5 The dissociation constants of phosphoric acid are 
Ki = 7.5 X 1073, Ky = 6.2 x 1078, Ks = 4.8 x 10-13, 


Calculate the concentrations of H*, HPOJ, HPO, PO% and 


4 
HsPOs in a 0.1M solution of phosphoric acid. 
Solution The main source of [H*] is the first dissociation step. 
Let a be the degree of dissociation of phosphoric acid, 
HsPO, = H* + HPO; 
0.10 — a) Ole 0.1 


(H*] [H2PO; ] 0.1 a? 


- q&a“ 
HRON a a a — 79 X 10° 
Solving the quadratic equation as 
0.1 a? + 7.5 x 10°? œ — 7,5 x 1078 = 
We get a = 2.4X 10-2 


[H*] = 2.4 x 1072M, [HePO; ] = 2.4 x 10-2M 
[HsPO,] = 0.1 — 2.4 x 10°? = 7.6 x 10°M 


K = 
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Now, consider the second dissociation step; 
HPO; = HPO? + Ht 
Let the degree of dissociation of HPO, be £, so that 
[H:PO; ]= 2.4 x 10° — @; [H*] = 2.4 x 107 + @; [HPO}] = $ 


[HPO{] [H*] (2.4 x 102 + 8) xe 


Kı (2.4 x 10° — $) 


[H:PO ; ] 


It can be assumed that @ is small and may be neglected when added 
or subtracted to 2.4 X 107°, so that 
B = K, = 6.2 x 10°M 


[HPO «] = 6.2 X 10°°M and others are the same, i.e. 
[H*] = 2.4 x 10M, [H2PO; ] = 2.4 x 10M 
Consider the third dissociation step 
HPO}; = POS + H+ 
Let the degree of dissociation of HPO¢" be y so that 
[HPO] = 6.2 x 10° — y; [POS] = y, [H+] = 2.4 x 1072M 
[PO}] [H*] 


j y X 2.4 x 1072 
[HPO2-] 612) X 1058 — Y 


Neglecting y from the denominator, i.e., 
6.2 X 108 — y & 6.2 X 1078 


Lae e E 
Uae EEEE 
Ky = 4.8 x 10718 


ots onl 
y= 48 x 10" x SERIO” _ 1,24 x 10-8 


[PO?-] = 1.24 x 10M 


Thus, the concentrations of various species in 0.1M HPO; solution 
are: 


[H+] = 2.4 x 10M; [H,PO; ] = 2.4 x 10M; 
[HPO] ] = 6.2 x 1078M 


[POs] = 1.24 x 10°"°M, [HsPO,] = 7.6 x 10M. 
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Dissociation Constants of Polyacidic Bases 


Like polybasic acids, there exist polyacidic bases also, e.g. 
[HONH:CH:CH:NH;0H] 
The dissociation of these bases also takes place step by step. 


14.5 DISSOCIATION OF WATER 


Pure water is a very weak electrolyte and dissociates to a small extent as 
H:O = H+ + OH™ 
The ionization constant of water is 
[H>] [OH7] 
S ae 
Since the degree of dissociation of water is very small, the concentra- 
tion of undissociated water may be taken to be constant (1000/18 
= 55,56 mol ⁄!) 
K [H,0] = [H*] [0H7] 
or K, = [H*] [0H7] 
where K, is known as the ionic product of water. Its value is constant 
at a particular temperature and varies with change in temperature. At 
25°C, the value of K, is 1.0 x 10-4. Thus, in water at 25°C, 
[H+] = [OH] = (1 X 107)!” = 1.0 x 1077 mol 2 
An aqueous solution is acidic if [H*]>[OH™] and basic if 
[OH] > [H*]. For any aqueous solution of acid or base, the relation- 
ship between [H*] and [OH ] is 


K, 
ea et 
[H*] DH] 
It may be noted that for solutions of acids (up to 10°°M), [OH7] is 
negligible, and similarly for bases (up to 10 °M), [H*] is negligible. 


14.6 THE pH SCALE 


The pH of a solution is expressed as 

pH = — log 4+ 
where ay* is the activity of the hydrogen ion. But, for dilute solutions} 
%,* is equal to its molarity so that 


PH = — log [H*] = log a 


For neutral solution at 25°C, [H*] = 107 mol /-1, so that 
pH = — log [10-7] =7 
The pH value corresponding to acidic and basic solutions at 25°C 
will be less than and greater than 7, respectively. 
Jn a similar manner, 
pOH = — log [OH] 
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POH is related to pH as 

PH + pOH =p, 
where pK, = — log K,. At 25°C, it is equal to 14. However, it may be 
noted that the acidic or basic nature of the solution is generally expressed 
in terms of pH. 
Note This type of notation (pX) is also applied in the case of dissociation constants 
of acids and bases, e.g, 

PK.=—logK, and pK, = — log K, 

where K, and Ky are the dissociation constants of acids and bases. 


EXAMPLE 14.6 Calculate the PH of the following solutions: 
(a) 0.002M HCI 


(b) Pure water at 25°C, K, = 1 x 107% 
(c) 0.1M NH1OH (K, = 1.8 x 1075) 
(d) 0.01M CH:COOH (Ka = 1.85 x 1078) 
(e) 0.015M NaOH 
Solution 
(a) 0.002M HCI 
HCl is a strong acid and fully ionizes so that 
[H*] = 0,002M = 2.0 x 10-3M 
PH = — log [H+] = — log (2 x 10-8) 
=— [—3 + 0.3010] = 2.6990 
(b) In pure water, [H+] = [OH7] 
and [H*] [OH7] = Ky, = 1 x 10-14 
.  {H*? =1 x 10- or [H+] = 1 x 107? 
PH = — log [H*] = — log (1077) = 7 
(c) NH1OH ionizes as 


NHOH = NH; + OHT 
If c is the initial concentration and « the degree of ionization, then 


[NH.OH] = c(1 — a); INH} ] = [0H] = ca 


INHf ] [OH] 


$ (ca) (cx) ca? a 
a [INH,OH] ~ c(i — a) ~ jog © A 


a= [E 
c 
Now, K,= 1.8 x 10°, c=0.1M 


Ey [Le 102 ae 
a o BARo 


“e [OH] = ca = 0.1 x 1.34 x 
Now, [H*] [OH-] = 1.0 x 10-14 


| 


10-2 = 1.34 x 10-3 
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| m tat] = 10 X 1074 _ 1.0 x 10- 


l [0H] 1.34 x 1073 
| = 7.463 X 10-2 
PH = — log [H*] = — log (7.463 x 10712) 


= — C12 =F'0:8729) 
Silks 


(d) Acetic acid ionizes as 
CH3sCOOH = CH:COO- + Ht 
| If « is the degree of ionization and c the initial concentration, then 
[CHsCOOH] = c(1 — a), [H*] = [CHsCOO-] = ca 
CH;sCOO7][H*] ca? $ 
[CH:COOH] EEr 


-JE 
or a= [Se 
c 
Now, K. = 1.85 X 10-5, c = 0.01M 


1.85 x 107 
0.01 
[HH] = ca = 0.01 X 4.30 x 107? = 4.30 x 1074 

PH = —log [H*] = — log (4.30 x 1074) 
= —(—4 + 0.6335) 
= 3.37 
(e) NaOH is a strong base and is Completely ionized so that 
[OH] = 0.015M 
Now, [H*] [OH-] = 1 x 10-4 
x 714 -14 
for] ~ on = 867 x 10% 


PH = — log [H*] = — log (6.67 x 10-18) 


= — (— 13 + 0.8241) 
= 12.18 


| Now, K, = I 
l 
l 
| 


et 


= 4,30 x 10-2 


or H= 4 


EXAMPLE 14.7 A sample of blood has the pH value 7.4. What is the 
hydrogen ion concentration in it? 


Solution pH = — log [H*] = 7.4 
or log [A*] = — 7.4 he 
[H*] = antilog (8.6) 
= 3.98 X 10°8M 


14.7 COMMON ION EFFECT 


The dissociation of an acid or a base is much affected if one of the dis- 

sociated ions is added from a certain external Source. For example, the 
P ees ; 

degree of ionisation of acetic acid decreases considerably when Ht (say 


308 Physical Chemistry: Principles and Problems 


by adding HCl) or acetate ion (say by adding sodium acetate) are added 
to the solution. 


Similarly, the ionization of ammonium hydroxide is considerably 
decreased by the addition of sodium hydroxide (OH ions) or ammonium 
chloride (NH; ions). These observations are in agreement with the 
Le Chatelier principle. 


EXAMPLE 14.8 A solution is 0.1M in HCN and 0.1M in NaCN. Calcu- 


late the concentration of hydrogen and hydroxyl ions if the ionization 
constant of HCN is 7.2 x 10722. 


Solution NaCN is a strong electrolyte. Therefore, on ionization, it 
gives 0.1M of CN’. Cyanide ionis also produced by the ionization of 
HCN. Let the degree of ionization of HCN be « 

HCN = Hate Ns 


c(1 — a) ca ca 
Thus, 
[H] = ca 
[HCN] = c(1 — a) 
[CN] = 0.1 + ca 
[H] [CN] ca(0.1 + ca) 
Now, K, = = : ca 
a [HCN] Ale) 
Putting K, = 7.2 X 10729, c= 0.1, 
So — Ote (0.1 + 0.10) 
TE KIOS S SEENE 
g 0.1 — a) 
T ola X 0.1 (1 + a) 
0.1 (1 — a) 


If e<l,ltanlwl—ea 
0.læ = 7,2 x 10-29 


a = 7.2 x 107° 
ang [Ht] = ca = 0.1 X 7.2 X10 = 7.2 x 107° mol 2 
Do [on = L0 x 10% 


TAIO T 10°F moh 


EXAMPLE 14.9 Find the concentration of h 
ammonium hydroxide solution. What will be 
tion of hydroxyl ion when 5.35 g of NH 
solution (assume no change in volume, 


Solution NH4OH ionizes as 


ydroxyl ion in 0.1M 
e the change in concentra- 
«Cl is added to 1000 ml of the 
K, for NH.OH is 1,8 x 105). 


NHOH = NH} + OH- 


Let ¢ be the initial concentration, and « the degree of dissociation 
, 
NH.OH = 


so that 
c( 1- a), [NH*] = [OH] = ca 
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[NH‘] [OH] r 8 
andes e Ee pt Et BOSE 
9 [NH:OH] (i — a) (i — a) 


Since « is very small so that 1 — e ~ 1 
a= P= x 10% _ 13.4 x 107? 


0.1 
[OH7] = ce = 0.1 X 1.34 X 10° = 1.34 x 107° 
When ammonium chloride is added 


5.3 a 
Amount of NHsCladded = ae = 0.1 mol J+ 


Since NH:Cl is a strong electrolyte, on ionization, it gives 0.1M 


NH} ions. Let $ be the degree of ionization of NH,OH in the presence 


of NH,Cl in the solution. Then, 
NH1OH = NH; + OH- 
0.101 —8) O18 0.18 
INH}] = [NHj] (from NH.Cl) + [NH}] (from NHsOH) 


= 0.1 + 0.18 
[OH-] = 0.18 
[NHsOH] = 0.1(1 — £) 


[NH4] [OH-] 
K, = 1.8 X 105= -INHOA 


(0.1 + 0.18)(0.18) 

0.101 — 8) 

Since B® is small, neglecting B in comparison to one so that 
1—68+1+6 8 1, we get 

1.8 X 10% = 0.18 

or B= 1.8 X 10-4 
or [OH-] = cB = 0.1 X 1.8 X or E O 

Obviously, the concentration of OH- ions has decreased in the 
presence of NH,Cl, due to the common ion effect. 


14.8 BUFFER SOLUTIONS AND BUFFER ACTION 


Buffer solutions are those which resist‘change in pHon addition of small 
amounts of acids or bases, or on dilution of the solution. 

The ability of buffer solutions to resist changes in pH value on 
addition of small amounts of acids or bases or on dilution is called 
buffer action. 

Buffer solutions generally contain a weak acid and a salt of a weak 
acid, of a weak base and the salt of a weak base. For example, a solution 
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containing equimolar quantities of CH;COOH and CH;COONa (acidic 


buffer), or a solution containing equimolar quantities of NH4OH and 
NH,Cl (basic buffer), etc. 


For a buffer solution containing a weak acid and its salt, 
a [salt] 
PH = pK, + log [acid] 
This equation is called Henderson’s equation. 
buffer solution containing a weak base and its salt 


I 
pH = 14 — pK, — log eau 


Similarly, the pH of a 
is 


Buffer Capacity 


Buffer capacity is defined as the number of moles (b) of acid (or base) 
added to one litre of solution to change the pH by unity. 
db 

[poy] 

i.e. it is the absolute value of th 
of acid (or base) added to one li 
solution. 
EXAMPLE 14.10 Calculate the PH ofa buffer solution containing 0.1M 
each of acetic acid and sodium acetate. What will be the change in pH 
on adding 


(a) 0.01M of HCI to 1 litre of solution? 
(b) 0.01M of NaOH to 1 litre of solution? 


(Assume that no volume change occurs on the addition of HCl or 
NaOH). 


Buffer capacity = 


e slope of the curve between moles 
tre of the solutionand the PH of the 


Solution pH of the solution = pK, + log [sodium acetate] 


[acetic acid] — 
DRe = ilog (18 X10-) = i 5a 0.255) = 4.745 


[CHsCOONal = 0.1M, [CH;COOH] = 0.1M 
PH = 4.745 + log ot = 4.745 


. (a) When we add 0.01M of HCI to 
ions from HCI will Teact with aceta 
acid, Therefore, the Concentration o 


a litre of this Solution, hydrogen 
te ions to form un-ionized acetic 
f CH:COO- decreases by 0.01M 
y 0.01M. The concentrations 
[CHsCOO-] = 0.1 — 0.01 = 0.09M 
[CHCOOH] = 0.1 + 0.01 = 0.11M 

PH = 4.745 + log 009 

= 4.745 — 0.087 = 4.658 
ge in DH is only — 0.087 


The chan 
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(b) On adding 0.01M of NaOH to a litre of the solution, acetic acid 
will react with OH- ions to give acetate ions. The concentrations are now 
[CH:COO-] = 0.1 + 0.01 = 0.11M 
[CH;COOH] = 0.1 — 0.01 = 0.09M 
6 0.11. 
PH = 4.745 + log 0.0 
= 4,745 + 0.087 = 4.832 
Change in pH = 0.087 
EXAMPLE 14.11 When 0.01 moles of NaOH are added to a buffer 
solution, its pH changes from 4.745 to 4.832. What is its buffer capacity? - 
3 s No. of moles of alkali added per litre 
Sol pres 0O N MOIES OTIS De ee 
olution Buffer capacity Change in pH 
0.01 


= 087 7 0.115 


14.9 HYDROLYSIS OF SALTS 


It is commonly observed that different salts, on dissolution in water, do 
not always form neutral solutions. The salts of strong acids and strong 
bases form neutral solutions. On the other hand, salts formed by strong 
acids and -weak bases or weak acids and strong bases form.acidic and 
basic solutions on dissolution in water. This is due to the fact that the 
ions of the salt react with water and give acidic or alkaline solutions. 
This phenomenon is called hydrolysis. It is defined as the reaction of the 
anion and (or) cation of the salt with water to produce an acidic or basic 
solution. It is the reverse of neutralization. - 

The equilibrium constant of such a reaction is called the hydrolysis 
constant. The hydrolysis equilibria and hydrolysis constants are given 


below: 


= R EA [HA] [OH] _ ch® 
A-7} H:O = HA + OH- Ke TS E 
[BOH] [H;0+] ch? 
+ i = +e Soe Oh 
Bt+H.O = BOH+H*; = K B] iz 


The fraction of the total salt that has undergone hydrolysis at 
equilibrium is called the degree of hydrolysis (h). The hydrolysis 
constants and the degree of hydrolysis are related to the dissociation 
constants of the acid and base from which the salt is formed. 


Hydrolysis of a Salt of a Weak Acid and a Strong Base 


In this case, only the anion will undergo hydrolysis and will give free 
OH- ions, thereby making the solution alkaline (pH > 7). 
A- + H:O = HA + OH- 
[HA] [OH] _ [HAJ[OH-J[H*]__ K, 
K, L L3 w 
Hee $ [A7] IAH Ke 
ch? 


-%5 ee a 
and isn = ee S hes [ee 
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where c is the number of moles of the salt dissolyed per litre of the 
solution. The pH of the solution is given by 

PH = $ pK, + i pK, +4loge 
For example, the hydrolysis of solutions of sodium acetat 


e, sodium 
cyanide, etc., are governed by this equation. 


Hydrolysis of a Salt of a Strong Acid and ‘a Weak Base 


In this case, the cation will undergo hydrolysis to give H* (or Hs0*) 
ions in solution, giving an acidic solution (pH < 7), 
BY + H.0 = BOH + Ht 
Kage acy? "$ Pie 
K, = K, jaf aud h= [Be tor <<a ]| 
The pH of the solution is given by 
PH = $ pK, — 3 pK, — 2 loge 

For example, the hydrolysis of solutions 

copper sulphate, 


of ammonium chloride, 
etc., are governed by the above equation. 


Hydrolysis of a Salt of a Weak Acid and a Weak Base 
In this case, both the cation and anion 


or different extents. T ution may be neutral, acidic or 
basic, depending upon the relative strengths of the acids and bases. 
BY + A- + H:O = BOH + HA 
Khe [BOHI[HA] = [BOH][HA][H*][0H-] 


Ky 
BA] [BHAE] = EK 


KIK 
The pH of the Tesulting solution is given by 


PH = 3pK, + 40K, — 4K, 


For example, hydrolysis of a 


; mmonium acetate, ammonium cyanide, 
etc, 


Acid and a Strong Base 


$ ; or the anion undergo hydrolysis. The 
resulting solution is neutral, 


CH:Coo- TH 
(a) The hydrolysis const 


ant is 
AR [CH:COOH] [OH7] Ke 
__ [CH;COO-] — TNES 
K, =10x 1074, K.=1.8x 1075 


— 1.0 xig 
SS Tey = 5.56 x 10-1 
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(b) If cis the concentration and h the degree of hydrolysis, 


mie iP 
Ea = oy 


If h is very small so that 1 — A ~ 1 
h= is fee SLO 14 oe lO 
c 0.1 


Degree of hydrolysis is 0.00742% : 
(c) [OHT] = ch =0.1 X 7.42 x 10-5 = 7.42 x 10-8 


Ky 1.0 x 1074 


= =9 
H = Ton 7a x o ~ 135 x 10 
Now, pH = — log [H*] = — log (1.35 X 10-79) 
= — (— 9 + 0.1303) 
= 8 87 


Note pH can also be calculated from the relation, 
PH =} pKy + 4 pK, + 4 loge 
PK, = — log (1 x 10-1) = 14 
or = pK, = — log (1.8 x 10-5) = — (— 5 + 0.2553) = 4.745 
log c = log 1 x 10-1 = — 1 
*. pH = 4(14) + (4.745) — 401) = 7 + 2.372 — 0.5 = 8.87 
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EXAMPLE 14.13 The pH of a0.1M solution of ammonium chloride is 
5.127. Calculate (a) the degree of hydrolysis (b) the hydrolysis cons- 


tant and (c) the dissociation constant of the base. 
Solution pH of the solution = 5,127 
PH = — log [A+] 
log [H*] = — pH = — 5.127 
[H*] = antilog (— 5.127) = antilog (6.873) 
= 7.46 x 10-8 
The hydrolysis reaction is 
NHj + H:O = NHOH + H+ 


If h is the degree of hydrolysis and c the concentration, then 
[H*] = ch = 7.46 x 107% 


—6 
(a) Degree of hydrolysis, h = 146 x10" = 7.46 x 10-5 
(b) Hydrolysis constant, K, = I ee 
= 
= 0.1 X (7.46 x 1075)? 
= 5.56 X 10710 
(c) Now, x, = [NEON] [HY _ K, 
[NH ] Bi 


RE K, 1.0 x 10714 


K, 5.56 x 197 7 1.80 X 10° 


or 
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EXAMPLE 14.14 Calculate (a) the hydrolysis constant (b) the degree of 
hydrolysis and (c) the pH of a 0.1M NH:CN solution at 25°C. 
Ka = 4.0 X 107°, K, = 1.8 x 10°75 


Solution The hydrolysis reaction is 


NH} + CN + H:O = NHOH + HCN 


(a) Ka [NH1OH] [HCN] AS Ky 
INBŻ] [CN-] Ka Ky 
1.0 X 10-14 


~ 40X10) x (8x 10-5 7 1-39 
(b) If his the degree of hydrolysis, then 


Kos ch x ch Tyee 
sc — A)Xe(h — hh) (1 — hy? 
or h=VK, = V1.39 = 1.18 for h <<] 


(c) The pH of the solution is given by 
PH = 3 pKw + 4 pK. — } pK, 
3 pK, = 3[—log(! x 107)] = 3[—(—14)] =7 
3 pK. = } [—log (4x 10719] = 3 —(—10 + 0.6020)] = 4.70 
4 pK, = 4 [log (1.8% 10-5] = 1 -(— 5 + 9 255)] = 2.37 
PH = 7 + 4.70 — 2.37 = 9,33 


14.10 ACID-BASE INDICATORS 


Indicators are substances which cha 


Tange of pH. Generally, these are Weak organic acids or bases, and 
have different colours in the un-ionized and ionized forms, For ex- 
ample, phenolphthalein is a weak acid. Its ionized form is pink while 
its un-ionized form is colourless (Fig, 14,1), 


nge their colours within a certain 


i 
| 
co È 
CL My ae ete. N, 
SS her 
EN igi 
k AT e ) 
N ÒH \ Pp e 
ne (colourless) ie) (pink) 


Fig. 14.1 


Tonic Equilibrium 315 


Methyl orange is a weak base. Its ionized form is red and un- 
ionized form is yellow (Fig. 14.2). 


OOH = N= Soe NE Oni O20, 


(yellow) HAC (red) 
Fig. 14.2 


In general, for acid-base indicators, equilibrium may be expressed as 
HIn = Ht + In” 
Its equilibrium constant is given by 
[HY] [In] 

Ams [HIn] 
[HIn] 
i) 

In general, the intensity of the coloured solution depends upon the 
concentration of the colour-imparting species. For an indicator (say a 
weak acid whose pK, is denoted by pXin), the concentration of un-ionized 
indicator will be equal to the amount of its anion at pH = pKa. At 


PH = pKjx~—1, the ratio [In] / [HIn] in the solution is 1/10, i.e. the un- 


and pH = pKin + log fe ch 


so that [H*] = Kin 


ionized acid is ten times more and the colour of the un-ionized indicator 
will predominate. 

On the other hand, at pH = pKm+1, the ratio of [In] / [HIn] in 
the solution is 10/1, i.e. the ionized form is ten times greater and the 
solution has the colour characteristic of the In” form. 

In between the pH range Pin — 1 to pKm + 1, change of colour 
occurs. The function of the indicator is to give a sharp end point i.e. 
it must change its colour within the pH jump at the end point. 


EXAMPLE 14.15 For phenolphthalein, pKujn = 9.7. The indicator can 
be used from pH 8.2 to 10, Calculate the ratio of [In] / [HIn] for the 
lower and upper limits of the range. 

[Iio] 

[HIn] 

For the lower limit, pH = 8.2 and PKin = 9.7 


9.7 = 8.2 + log ar 


Solution pKin = pH + log 
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Un] X x 
or log Tin] 9.7 — 8.2 = 1.5 
Had = Antilog (1.5) = 31.623 
For the upper limit, pH = 10, pKin = 9.7 
A Mn] 
9.7 A + log [Hin] 
mip ase 
log [Hin] = — 0.3 
at = antilog (1.7) = 0.501 


14.11 ACID-BASE TITRATION CURVES 


In acid-base titrations, successive amounts of a base are added toa ` 
solution of an acid (or vice versa) and the pH of the solution is noted after 
every addition. The plot of pH against the amount of alkali added is 
called a titration curve. The shape of the curve depends on the ionisa~ 
tion constants of the acid and base used in the titration. 


Neutralization of a Strong Acid by a Strong Base 
Initially, when alkali is added, the pH of 
the solution does not change much and 
the curve is almost flat (Fig. 14.3). At the 
end point there is a sudden jumpin pH. 
This point is called the equivalence point, gndipaint 
In this case, at the equivalence point, 
pHis7. Slightly before and after this 
point, tbe pH changes from 3 to 11. 
Thus, any indicator which has a pH 


range within this interval can be used. Vol ot alkaline 
solution ” 


Fig. 14.3 Titration curve of a strong 


pinh: acid and a strong base. 
Neutralization of a Weak Acid by a Strong*Base 


The pH curve is shown in Fig. 14.4. 
Initially the free hydrogen ions from 
the weak acid are neutralized by OH” 
ions from the base and there is a relatively 
large chage in pH. The end point is 
detected by the inflection in the pH 
curve. However, the jump in pH is 
smaller than in case (a). 


Vol of alkaline 
solution 


id and 
Fig. 14.4 Titration of a weak acid a” 
a strong base. 
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Neutralization of a Weak Base with a Strong Acid 


The curve will be as shown in Fig. 14.5. 


14.12 SOLUBILITY PRODUCT 


When a saturated solution of a sparingly 
soluble salt isin contact with some of x 


the undissolved salt, there is an equili- end point 
brium between the dissolved ions and the ! 
undissociated solid salt. For example, i SS 
the process of dissolution of AgCl may Voi of acid solution 


be expressed as: 
š pY Fig. 14.5 Titration curve of a weak 
AgCl(s) = Agt + Cl base with a strong acid. 


The equilibrium constant of the process is 

= [Ag*] [Cr] 

= [aga 
The concentration of pure solid is constant so that [AgCI] may be com- 
bined with K to give a new constant called the solubility product, Ksp, 

K [AgCl] = Ks = [Ag*] [C17] 

Thus, the solubility product may be defined as the product of ionic con- 
centration in a saturated solution. When the salt, on dissolution, gives 
unequal number of cations and anions, then each concentration term is 
raised to the power equal to the number of times each ion occurs in the 
equation for its dissociation, For example, , 


Ag,CrOs (s) = 2Ag* + CrOi-;  Ksp = [Ag+] [cro] 


Al(OH): (s) = A+ + 30H7; Kep = [AI] [OH 
Caa(PO4)2 (s) = 3Ca?* + 2PO%; Ksp = [Ca?+] [PO}-]? 


It must be emphasised that the solubility product at a given tempera- 
ture is constant even for very soluble salts. In this case, activity is no 
longer equal to its concentration and activities must be used in place of 
the concentrations. 


EXAMPLE 14.16 The solubility of CaF, (molar mass = 78) in water is 
1.6 X 10% g/ at 20°C. Calculate the solubility product of CaF», 
Solution 

1.6 x 10-2 


Solubility in moles per litre = 78 


= 2.05 x 1074 
Now, CaF, = Ca? + 2F7- 
So that [Ca?*] = 2.05 x 104M 

[F7 2 x 2.05 x 10™ = 4.1 x 104M 
[Ca**] [F7]? 
(2.05 x 1074) (4.1 x 10)? 
3.45 x 1072 


I Wd) 


Ksp 


Il 


ll 
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EXAMPLE 14.17 Calculate the solubility of Mg(OH)», in moles per litre, 
if the solubility product of Mg(OH)» is 5 x 10722. 
Solution The solubility equilibrium is 
Mg(OH): = Mg’* + 20H 
Suppose the solubility of Mg(OH). is x. Then, 
[Me] = x, [OH] = 2x 


so that Ksp = [Mg**] [OH]? 
5.0 X 10°" = (x) (2x)? 
= 4x9 = 5 x 1072 
ee = 5X 1078 
4 
5.0°X 1072 ye 
y= ( 502100" 


= (1.25)! x 10-4 
= 1.08 x 10-4 mol /72 


14.13 SOLUBILITY PRODUCT AND PRECIPITATION OF SALTS 


A substance will start precipitating as soon as the ionic product becomes 
greater than its solubility product. Knowing the solubility product ofa 
salt, it is possible to predict whether, on mixing the solutions of its ions, 
precipitation will occur or not. This principle is of immense use in 
qualitative and gravimetric analysis, for the precipitation of cations 
or anions by adding sufficient amounts of the reagent. 


EXAMPLE 14.18 Calculate [Sr**] required to start the precipitation of 
stronium fluoride (Ksp 


= 7.9 X 10711). from a solution that contains 
0.01M F” ions. 


Solution 
Ksp = [Sr?*] [F7] 

Precipitation will start when [Sr? 
[St®*] to start the precipitation is 

[Sr2*] [0.01]? = 7.9 x 10742 

[Sr] = aa =7.9 x 10-™M 

[Sr?*] required to start preci 

EXAMPLE 14.19 Predict y 

E RI 0 ml of 0.01M AgNO; solution. 

Solution 


+] [F7]? becomes equal to Ksp. The 


pitation = 7.9 x 10-7M 


On mixing, the tota 
centrations of AgNO; and N 


Ionic Equilibrium 319 


[Nac = 21 _— o.o005M 
Now, AgNO; ionizes as 
AgNO; = Ag* + NO; 
[Ag*] = 0.005M = 5.0 x 10-3 
and NaCl = Na* + CI 
[C17] = 0.0005M = 5.0 x 107¢ 
The ionic product is 
[Ag*] [C17] = (5.0 x 1073) x (5.0 x 1074) = 2.5 x 10-8 
Thus, the ionic product is greater than Ksp (1.5 x 107°) and, there- 
fore, precipitation of AgCI will occur. 


EXAMPLE 14.20 The solubility products of silver halides are: 
Ksp (AgCI) = 1.71072, Ksp (AgBr) = 5.0% 10728 and 
Ksp (AgI) = 8.5x 10717 
A solution contains 0.01M each of Cl-, Br~ and I> ions, Silver 
nitrate is gradually added to the solution. Assume that the addition of 
AgNO; does not change the volume. 
(a) Calculate the [Ag*] required to start Precipitation of the 
three ions. 
(b) Which ion will precipitate first? 
(c) What will be the concentration of this ion when the second ion 
Starts precipitating? 
(d) What will be the concentration of both the ions precipitated 
when the third ion starts precipitating? 


Solution (a) The concentration of [Ag*] ion required to start precipita- 
tion can be calculated from the Ksp data: 
For the chloride ion, 


+ KX _ 1.7x1070 » 
[Ag*] = ier] 7 2. 001G bee 1.7X 1078M 


For the bromide ion, 
- Ks 5X 10718 
fea eo ALOE ae z 
[Ag*] Br] 0.01 5 107'M 
For the iodide ion, 


a Ken _ 8.5%10717 
(gt = [pp = Se = 8.5100 


(b) The [Ag*] required to Precipitate I- is mini 
mum, 
AgI will be precipitated first. eee, 
(c) After precipitation of AgI, the Br will be precipi 
T > Cipitated 
when the [Ag*] becomes 5.0% 10-"M, Therefore, He ERa ee 
remaining I~ is es 
-1 _ Ke (AgI) _ 8.51077 
UniS Aet 5x101 = 1.7X10 6M 
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(d) The chloride ion, Cl- will precipitate when the concentration ar 
[Ag+] becomes 1.7X 10-8. Therefore, the concentrations of Br and I 
remaining in solution are. 


_ Kep (Agi) _ 8.5X 10727 


= —9 
le a e e210 

-, Kep (AgBr) 5x 10718 an Y =6 
[Br] = Senta X O T = 2.94% 10M 


MISCELLANEOUS EXAMPLES 


EXAMPLE 14.21 Calculate the pH of a 1.0 1078 solution of HCI. 


Solution One may be tempted to use the equation pH = — log [H*] and 
find that pH equals 8. But this is not correct. It may be noted that, in 
very dilute acidic solution when H* ccncentrations from acid and the 
water are comparable, the concentration of H* from water cannot be 
neglected. Therefore, 
[H*]tota a [H*Jacta + [H*]water 
Since HCl is a strong acid and is completely ionized, 
[HB*]gci = 1.0 10-8 
The concentration of H* from water ionization is equal to the 
hydroxyl ion concentration from water, i.e. 
[Hmo = [OH ]y,0 =x (say) 
[H*]totar = 1.0 x10578 + x 
But [H+] [OH-] = 1.0 x10714 
(1.0 x10-78-+x) (x) = 1.0% 1071 
x? + 10-8 x—10™ = 0 
Solving for x, we get x = 9.5x 10-8 
[H*] = 1.0X10-°+-9.5x 10-8 = 10.5 10° = 1.05x 10-7 
Now, pH = —log [H*] = —log (1.05 10-7) 
= —(—7+0.02) 
= 6.98 
EXAMPLE 14.22 The solubility product of AgCl is 1.5% 10-19, What 
Weight of AgCl will be dissolved 
(a) in 100 ml of water? 
(b) ina solution Containing 0.234 g of NaCl in 100 ml? 
(c) ina solution containing 0.17 g of AgNO; in 100 ml? 
Solution (a) Let the solubility of AgCl be x mol “1 
AgCI = Agt + Cl- 
ArIeS x 
Kav = [Ag*] [CH] = x? = 1.5x 10719 


* = (15X 1070} = 1,225x10 mol -1 


Tonic Equilibrium 321 


Solubility of AgCI in 100 ml = (1.225x 10-5 mol /) x (0.1 1)x 
(143.5 g mol) = 1.75x 10-4 g 
(b) The concentration of NaCl in the solution, 
0.234 x 1000 
= -58.5X100 0.04 mol /-1 

Let the solubility of AgCI in the solution be y; so that [CI-]=0.04+y, 

[Ag*] = y 
Ksp = [Ag*] [CI-] = (0.04+y) (y) = 1.5x 10-19 

y must be less than the solubility x determined above so that 

0.04 + y ~ 0.4 
(0.04) y = 1.5X 10-29 


—10 
or y= eee = 3.75 10-9 mol = 
Solubility of AgCI in 100 ml solution = 3.75X 10-9 0.1 143.5 
= 5.38X 10-8g 
(c) The concentration of AgNO; in the solution, 
_ 0.171000 _ i: 
= T70x100 ~ 0.01 mol /-1 


Let the solubility of AgCI in the solution be z, so that 
[Agt] = 0.01 +z, [Cl] =z 
Now Kap = [Ag*] [CI] = (0.01-+2) z = 1.5x 10-10 
z 1.225 10-5 so that 0.01 + z © 0.01 
(0.01) z = 1.510720 
wore eu = 1510-8 
Solubility of AgCl in 100 ml solution 


= (1.5 10° mol /-) x (0,1 /) x (143.5 g mol!) 
= 2.15X 10-7 g 


QUESTIONS 


Numerical Problenis 


14.1 The dissociation constant of HCN at 25°C is 4.9 x 10-10 mol /-1, Calculate 
the degree of dissociation of HCN in 0.1 and 0.01M Solutions of HCN. 

14.2 (SI Units) The dissociation constant of Propionic acid at 298 K is 1.34x 10-5, 
What is the concentration of hydrogen ion in a 0.01 mol dm 
acid? What is its degree of dissociation? 

14.3 A 0.1M solution of formic acid (HCOOB) is 4.24% ionized at 25°C, Calcu- 
late the values of K, and pKa. 


=? solution of the 


14.4 Calculate the H+, H1AsO7 , HAsO; , Asoy and HAsO., concentration in 


a 0.1 M solution of arsenic acid at 25°C, given that 

K, = 5.0 x 10-3, K, = 8.3 x 10-8 and Ks = 6.0 x 10-1 at 25°C 
14.5 The ionization constants of HS are : Ky = 1.1 x 10- and Ky = 1.0 x 10-14 

What will be the concentrations of H+, HS- and S3- when 0.1 moles of H:S 

are dissolved in water to give one litre of solution? What will be the concen- 

tration of S?- if the solution is 0.1 M in HCI also? 
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14.6 


14.7 
14.8 
14.9 


14.10 


14.11 


14.12 


14,13 


14.14 


14.15 


14.16 


14.17 


14.18 


14.19 


14.20 


14.21 


14:22 


Calculate the pH of the following solutions at 25°C. 

(a) 0.4g of NaOH dissolved in 2 dm~? of water. 

(b) 0.01 M solution of glycolic acid, K, = 1.52 x 10-4 

(c) 0.0001 M solution of aniline, K, = 3.8 x 10-1 y 
Calculate the value of pH and pOH of a 0.05 M solution of trimethylamine at 
25°C (K, = 5.3 x 10-5). - 
Calculate the pH of a solution obtained by mixing 50 ml of 0.1 M formic acid 
and 50 ml of 0.05 M sodium hydroxide (K, for HCOOH = 1.77 x 107$). - 
Calculate the pH of a solution obtained by mixing 100 ml of 1 M HCl with 
100 ml of 0.6 M NaOH, with the Tesulting solution made up to 250 ml. R 
What will be the degree of ionization of ammonium hydroxide in a solution 


which is 0.05 M each in ammonium chloride and ammonium hydroxide 
(Ko for NH4OH = 1.8 x 10-5)? 


Calculate the percentage hydrolysis of sodium acetate ina 0.1 N solution at 
25°C, assuming that the salt is completely dissociated. 
[X, (CHsCOOH) = 1.8 x 10-5] 

Calculate the hydrolysis constant and degree of hydrolysis in 
(a) a10-* M solution of NH,Cl (K = 1.8 x 10-5) 
(b) 20.1 M solution of NaCN (Ka = 7.24 x 10-10) 
Calculate (a) the hydrolysis constant (b) the degree of hydrolysis and (c) the 
PH of a solution of 0.1M CH:COONH;,. 

K, (CHCOOH) = Ks (NH1OH) = 1.8 x 10-5 
(SI Units) Calculate the pH of an aqueous solution of ethylamine contain- 
ing 1.0 x 10-3 mol kg-1 of C:HsNH: at 298 K (pK, = 3.75). 
Calculate the [H+] and [OH-] at 25°C for the following solutions: 
(a) pH = 4.65 (b) pH = 12.4 (c) pOH = 6.5 
The dissociation constant of acetic acid at 20°C is 1.8 x 10-8, Calculate the 
PH of 


(a) a 0.25 M acetic acid solution 
(b) 


(c) 


0.25 M acetic acid solution containing 0.25 M sodium acetate 
What will be the change in PH if we add 0.01 mole of HCI toa litre 
each of solutions (a) and (b) assuming no change in volume. 


Calculate the pH of a buffer solution which is 0.1 M of each NH,OH 
and NH,Cl (K, = 1.8 x 10-5) 


Calculate the change in pH on adding 0.01 mole of HCl and NaOH to a 
litre of the buffer solution. 


(a) 
(b) 


Calculate the change in pH caused by dissolving 0.41 g of anhydrous sodium 


acetate (molar mass = 82) in 0.1 dm? of 0.1 mol dm~? solution of acetic acid. 
(pK, for CHCOOH = 4.74). 


Calculate the pH of a buffer solution containing 0.2 M NH,OH and 0.25 M 
NHACl at 25°C (K, for NH,OH = 1.8 x 10-5), 


Calculate the solubility in mol /-1 for each of the following: 
(a) BaSOa: Ksp = 7.5 x 10-9 


(b) AgsCrOa: Kap = 1.7 x 10-12 
(c) MgFa: Kap = 8 x 10-8 
(d) Al(OH), : Kep = 1.0 x 10-33 


Calculate the pH of a saturated solution of magnesium hydroxide if Kep for 
Mg(OH), is 8.9 x 10-22, 


The solubility product of lead iodate is 3.2 x 10-28, Calculate the [Pb**] i0 
Saturated solution of lead iodate in 


{a) pure water (b) 0,001 M NalIO; solution 


14.23 


14,24 


14.25 
14.26 


14,27 


14.28 


14,29 


14.30 
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(a) A solution is saturated with CaF;. Calculate the concentration of Catt 
ions (Ksp for CaFs is 3.95 x 10-1), 

(b) What will be the concentration of Ca*+ ions if the solution contains 
0.1 M NaF. 

When 0.001 mol of an acid are added to 50 ml of a buffer solution, its pH 

decreases by 0.05 units. What is its buffer capacity? 


Calculate [H+] and [OH-] for a soft drink which has pH = 4.70. 


Predict whether there will be any precipitation on mixing 30 ml of 0.001 M 

NaCl with 60 ml of 0.01 M AgNO; [Ksp (AgCI) = 1.5 x 10-29]. 

Calculate the [Pb**] required to start the precipitation of PbCl, from a 

solution which contains 0.01 M chloride ions [Ksp (PbCI,) = 1.6 x 10-5], 

One litre of a solution contains 0.1 mol each of KI and KCI. 

nitrate is gradually added to the solution from a burette. 

(a) Which will be precipitated first, AgCI or AgI ? 

(b) What willbe the concentration of I- ion in the solution when AgCI 
starts precipitating? 

Kep (AgCl) = 1.7 x 10-19, Kap (AgI) = 8.5 x 10727 

50 ml of 0.2 M AgNOs are added to 50 ml of 0.1 M NaBr solution. What 

will be the final concentration of Agt and Br- in the solution (Ksp for 

AgBr = 5.0 x 10-13)? 

A solution contains 0.01 M Ag+ and 0.02 M Ba®t ions, A 0.01 M solution 

of NazCrOg is added gradually to it with constant stirring. 

(a) Atwhat concentration of NazCrO, will precipitation of Agt and Ba** 
ions start? 

(b) Which will precipitate first. 

(c) What will be the concentration of the ion first precipitated when the 
precipitation of the second species starts? 

Solubility products are: 


Ksp (Ag2CrOx) = 2 x 10733; Ksp (BaCrO,) = 8.0 x 10-22 


Silver 


QUIZ QUESTIONS 


Type A: Multiple Choice 


14.31 


14.32 


14.33 


14.34 


Which of the following can act both as a Brönsted acid and a Brönsted base? 


(a) NasCOs (b) OH- 
(c) HCO; (d) NHs 
The conjugate base of HCO; is 

(a) H:COs; (b) Ht 

(c) CO: (d) coy 


In the reaction 

HCN + H10 = H;0* + CN- 
the conjugate acid-base pair is 
(a) HCN, H:0O+ 


(b) H:O, CN- 
(c) CN-, H,0+ 
(d) HCN, CN- 
Which of the following is not a Lewis bse? 
(a) CN- (b) AlCl; 


(c) ROH (d4) NH; 
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14.35 Which of the following statements is not correct regarding Lewis acids and 
bases? a 


(a) NH; and H,O both behave as Lewis bases. 


(b) Substances which can donate a pair of electrons are called Lewis bases. 
(c) All Lewis bases are also Bronsted bases. 


(d) Lewis bases must contain an atom having less than an octet of electrons. 
14.36 In the reaction 

HNO; + H,O = H30+ + NO; 

the conjugate base of HNO; is 

(a) H:O 

(b) H,O* 

(c) NO; 

(d) H:O+t and NO; 
14.37 


Which of the following acid-base reactions is according to Lewis classifica- 
tion? 


(a) (CHs); N + BF: = (CHa): N : BFs 
(b) H:O + H:O = H;O+ + OH- 
(c) HCN + H:0 = H:0+ + CN- 
(d) H+ + OH- = H:O 
The pH of a solution may be expressed as 
1 
(a) pH = log T 
(b) pH = log [H+] 
= Ku 
(c) pH = IH") 
(d) pH = — log 10lH*] 
The sum of pH and pOH in aqueous solution is equal to 
(a) 7 
(b) PKu 
(c) zero 
(d) any number between 1 and 14 


14.38 


14.39 


14,40 The dissociation constants of two weak acids are K, and Ka. The relative 
strengths of the two acids is given by 


(a) = 


14.41. For a weak base, the concentration of OH- ion at concentration C would be 
(dissociation constant = K;) 


@) a T o Ae 
©) VK xC (@) Vl 


Which of the following bases is the weakest ? 
(a) NH.OH + Ky = 1.6 x 10-5 


14,42 


14.43 


14.44 


14.45 


14.46 


14.47 


14.48 


14.49 
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(b) C.H;NHa : Ky = 3.8 x 10779 
(c) CaHsNH2 : Kp = 5.6 x 10-4 
(d) GoH;N:K, = 6.3 x 107% 
If c is the number of moles of acid present in one litre of solution anda is 
the degree of dissociation for the weak acid HA, then the dissociation con- 
stant is given by the expression 
cRa® 

(a) <r 
c(1— a) 

a? 

ca? 


(b) 


ca? 
() T= 
The value of pK, at 25°C is 
(a) 140 
(b) 1 x 10-1 
(c) 14 
(d) 0.014 
Which of the following solutions bas pH = 11? 
(a) 1 x 10-11 M NaOH 
(b) 1 x 10-3 M HCI 
(c) 1 x 10-3 M NaOH 
(d) 1 x 10 M NaOH 


The pK, of an acid having ionisation constant 1 x 10-5 is 


(a) 5 (b) —5 
(c) 9 (d) —9 
The pH of a buffer solution containing an acid and its salt is 
[salt] 
(a) pK, + log facial 
[acid] 
(b) pK. + log [salt] 
[acid] 
(c) $pK. — log [salt] 
[acid] 


(d) log pK. + log “salty 


In a mixture of a weak acid and its salt, the ratio of concentrations of salt to 
acid is increased ten fold. The pH of the solution 
(a) decreases ten fold 

(b) increases ten fold 

(c) increases by one 

(d) decreases by one 

Which of the following will have the largest pH ? 
(a) 0.1NHCI 

(b) 0.1 NCH;COOH 

(c) 0.1 N NaOH 

(d) 0.01 N NaOH 


14.50 The pH of a buffer solution containing a weak base and its salt can be related 


to pK, as 
[salt] 


(a) pH = pK, — log pad 
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14.51 


14.52 


14.53 


14.54 The hydrolysis constant of the 


(©) pH = 4pK, — dog Salt. 


[base] 
1 
(©) pH = 14 — pK, — log ml 
(@) pH = pOH — pk, + log E9 


[base] 
The pink colour of phenolphthalein in basic medium is due to the 
(a) cationic form 
(b) anionic form 
(c) neutral form 
(d) OH- ions of the base- 


The Henderson equation relating the pH of a buffer solution to the pone 
tion of salt, weak acid and pK, may be verified by obiaining a linear plo 
with positive slope of 
[acid] 
(a) pH and log salty 
[acid] 


(b) pH and salt] 


(c) pH and log [salt] 


[acid] 


[salt] 
(d) pH and acid] 


Which one of the following curyes represents the graph of pH during the 
titration of NaOH and HCI ? 


(a) (b) 


pH PE gar pH 


Vol-of NaOH solution 
(c) so 


Vol.of NaOH solution 


pH pH 


i 
i \ 
eee ' 


Vol.of NaOH solution 


Vol of NaOH solution 
FIG. 14.6 


salt of a weak acid{ and weak base is 
(Kw = ionic product of water, K, = dissociation constant of acid, K, = dis- 
Sociation constant of base) 


(a) directly 


Proportional to Ky, K, and K, 
{b) directly 


Proportional to K, and inversely Proportional to Ky. 


14.55 


14 56 


14.57 


14,58 
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(c) directly proportional to Ka and K, and inversely proportional to Ku 
(d) directly proportional to K and inversely proportional to K, and Ky. 


The solubility product for Cas (PO;): may be expressed as 

(a) [Ca] [PO}7] 

(b) [Ca]? [PO] ]" 

(c) [Ca++] [PO?"]? 

(d) [Ca?+]s.2 [PO?7] 

For a salt of a weak acid (dissociation constant K.) and a weak base (dissocia- 


tion constant K,), the degree of hydrolysis h can be calculated from the 
relation 


Sia ee 
(a) hr K 
K 

b) h= 
(b) A E 


K, x Kn\1/2 
i (5) 
pat Keo 


If the solubility of lithium sodium hexafluoroaluminate LisNaz(AlFo)2 is 
x mol /-1, then its solubility product is equal to 

(a) 12x (b) 18x? 

(c) x8 (d) 2916x8 

Which of the following acids is stronger than benzoic acid (K, = 6.3 x 10-5)? 
(a) A (Ke = 1.67 x 10-8) È 

(b) B (pK. = 6) 

(c) C (pK. = 4) 

(d) D (K: = 1.0 x 10-5) 


1459 The pH of water is7 at 25°C. If water is heated to 70°C, which of the 


14 60 


following should be true? 

(a) pH will decrease. 

(b) pH will increase. 

(c) pH will remain seven. 

(d) Concentration of H+ will increase but that of OH- will decrease. 
If x mol /-1 is the solubility of KAI(SO,)s, then Ksp is equal to 

(a) ens. (b) 4x¢ 

(c) x‘ (d) 4x8 


Type B: Multiple Choice (Numerical Problems) 


14.61 


An acid HA ionises as 
HA = H+ + A- 

The pH of 1 M solution of this acid is 6. The dissociation constant of this 
acid would be 

(a) 1 x 10-8 

(b) 1 x 10-4 

t) Toe 103 

(d) 1 x 10-4 
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14.62 


14.63 


14.64 


14.65 


14.66 


14.67 


14.68 


14.69 


14.70 


14.71 


Which of the following will have the largest pH value ? 

(a) A solution containing 1 x 10-3 moles of KCI per litre. 
(b) A solution containing 1 x 10-2 moles of HCI per litre. 
(c) A solution containing 1 x 10-? moles of NaOH per litre. 
(d) Pure water 


The pH ofa solution having [H+] = 0.05 M (log 5 = 0.6990) is 
(a) 2.699 (b) 1.301 

(c) 2.301 (d) 3.301 

The dissociation constant of an acid at 25°C is 1.6 x 10-5 
concentration of hydrogen ions in 0.01 M acid solution ? 

(a) 4 x 10-2 

(b) 4 x 10-5 

(c) 4 x 10-3 

(d) 4 x 10-6 

The pH of a solution obtained by mixing 50 ml of 0.4 N HCI and 50 ml of 
0.2 N NaOH is 

(a) log2 (b) 1 

(c) — log (0.05) (d) 2 

The ionization constant of dichloroacetic acid is 5 x 10-2, Its pK, value is 
(log 5 = 0.6990). 

(a) 1.3010 (b) 3.3010 
(c) 2.6990 (d) 1.6990 
are added to 50 m 
What is its buffer capa 


What is the 


When 0.001 moles of an acid 


l of a buffer solution, its pH 
decreases by 0.05 units, 


city ? 
(a) 0.02 (b) 0.002 
c) 0.4 (d) 0.04 
The dissociation constant of acetic acid at 25°C is 1.8 x 10-5, The hydroly- 
SIS Constant of sodium acetate is 
(a) 1.8 x 10-5 
(b) 1.8 x 10-19 
(c) 5.55 x 10-10 
(d) 5.55 x 108 
The pH of a buffer Solution of 0.1 M CH,COOH and 0.1 M CH,COONa is 
(pK, of CHCOOH = 4.745) 
(a) 4.745 (b) 3.745 
(©) 5.745 (d) 3.255 
hee be the hydrogen ion concentration of a solution obtained by mix- 
tion comin oe M acetic acid and 500 ml of 0.4 M sodium acetate (dissocia- 
of acetic acid = 1.8 Z 

(a) 1.8 x 10-5 ea 
(b) 0.9 x 10-6 
(c) 9 x 10-6 
(d) 1.6 x 10-4 
Which of the follow; ini 
ee, ollowing buffers containing NH,OH and NH.CI has the highest 

Conc. of NH,OH Conc. of NH,CI 

. a 
(a) 0.50 mol J-1 
0. =; 

(b) 0.10 mol 1-3 oei 

(c) 0.50 mol J-1 1.50 mol l-1 

(d) 0.50 mol 7-2 nen 


14.72 


14.73 


14.74 


14.75 


14.76 


14,77 


14.78 


14.79 


14.80 
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A 0.1 M solution of a weak acid HA is 1% dissociated. The approximate 
value of the dissociation constant is 

(a) 1 x 10-¢ mol /-1 ` 

(b) 0.1 x 10-? mol /-! 

(c) 1 x 10-3 mol /-1 

(d) 0.1 x 10-* mol /-1 

The pH of a 10-8 M solution of HCI is 

(a) 8 (b) 6 

(c) 0 (d) between 6 and 7 

A buffer solution contains 0.2 mol of NH;OH and 0.2 mol of NH,C1 per 
litre. The pK, of NH,OH is 4.75. The pH of the buffer will be 

(a) 4.75 (b) 5.75 

(c) 9.25 (d) 2.25 

The dissociation constant of a base is 1.5 x 10-10, What is the degree of 
ionization of a 0,015 M solution of the base? 

(a) 1 x 10-7 

(b) 1.0 x 10-8 

(c) 2.25 x 10-8 

(d) 1.0 x 10-4 

When a salt of a strong base and weak acld is hydrolysed, the resulting 
solution has 

(a) pH= 7 

(bt) pH =0 

(c) pH>7 

(d) pH <7 

Four grams of sodium hydroxide have been dissolved in 10 / of the solution. 
The pH of the solution is 
(a) 2 (b) 9 

(c) 12 (d) 13 

The dissociation constant of a weak acid is 7.2 x 10-10, What is the con- 
centration of hydrogen ions in a 0.072 M solution of the acid ? 

(a) 0.36 x 10-4 

(b) 0.72 x 10-5 

(c) 7.2 x 10-12 

(d) 3.6 x 10-7 

The solubility product of AgCI is 1.0 x 10-19 at 25°C. The solubility in git 
is (molar mass of AgCI = 143.5) 

(a) 1.43 x 10-5 

(b) 1.0 x 10-5 

(c) 1.0 x 10-5/143.5 

(d) 1.43 x 10-3 

If the solubility of CaF, in water at 20°C is 2.0 x 10-4 mol /-1, the solubility 
product of CaF, is 

(a) 4.0 x 10-8 

(b) 4.0 x 10-12 

(c) 3.2 x 10-8 

(d) 3.2 x 10-4 


Type C: True or False 


14,81 
14,82 


At the equivalence point of an acid-base titration, the PH is always 7, 
The term pH was introduced by Pauling. 
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14.83 
14.84 
14.85 


A buffer solution is an example of the influence of the common ell 
After hydrolysis of a salt, the product [H+] [OH-] no longer equals Kw. 


ï i i oint is 
For the titration of a weak base with a strong acid, the equivalence p 
ata pH less than 7. 


The conjugate base of a strong acid is also strong. , i 
All Bronsted bases are also Lewis bases but all Bronsted acids are not Lev 
acids, . 

In a solution of AgNO3, [Ag+] can be reduced by adding NaCl. 


s an the 
For precipitation to occur, the solubility product must be greater th 
ionic product. 


14.86 
14.87 


14.88 
14.89 


i is more 
14.90 The pH of an acidic buffer containing [salt] / [acid] greater than one is M 
than pK, of the acid. 


Type D: Fill in the Blanks 


. ition 
14.91 The degree of dissociation of ammonium hydroxide ———————_ on additio. 


of ammonium chloride. 


14.92 The hydrolysis constant for the hydrolysis of a salt of a weak acid and strong 
base is —————~— proportional to the dissociation constant of the acid. 
14.93 NH; is classified as a Lewis —————— 

14.94 


A solution which resists change in the hydrogen ion concentration on th 
addition of small amounts of acids or bases is called —————— 


Bas x ians e 
When a strong acid is neutralised by an equal volume of weak base, th 
resulting solution will be —————— 


PK, of a base is defined as —— 


14.95 


14.96 
14.97 


During titration of a weak acid and a strong base, the pH of the solution 1S 
—————— at the equivalence point. 
14.98 The ionized form of phenolphthalein is 
ionized form is ———______ 


—— in colour while the un- 


14.99 The interaction of ions of a dissolved salt with H+ and OH- ions of water is 
known as ————_____ 
14.100 For precipitation to occur, the product must be —————— than the solu- 
bility product. 
ANSWERS 


Numerical Problems 


Be ORE 22i 10-4) 14,2. Ei 3.69, KIDEM: aa. x 07t J43 
1.88 x 107, 3.726 14.4 


(H*] = 2.0 x 10-2, [H,AsO,] = 8.0 x 10-2, [H AsO, ] 
= 8.3 x 10%, [AS0}=] = 2.49 x 10-15 14.5 [H+] = 1.05 x 10-4; [HS-] = 1.05 X 
a Fe roe we IS" Vinithe ipresencs of HCl'= 11 ¥ 1-8 dg O) Pe 
CEINT AZA T2129, 14.8 3.75 14.9 1,796 14.10 3.6 x 107° 
TA Ey TA pel SOR MO EAE TOs aS Lak GE, T x 30" 


Oy 3 eee 10%) 5.86 % 10-9 (6) 7 24.14 (a) 2.25 x 10-8, 4.46 x 1071 


(b) 3.98 x 10-13, 2.51 x 19-2 (c) 3.2 x 10-8 2.674 
sain TKA F k a : 
OD Ts EIRE TA TON CBE tay gia tk acs any 18? 


A 
1418 0.3058 14.19 9.16 14.20 (a) 3.87 x 10-3 hee O A x10” 
(d) 2.5x 10° 14.21 10.41 14.22 (a) 4.3 x 10-5 (b) g.0x 10-8 1423 
(a), 4:62 x 10°" (0) "3.95 x 10" "1424 04° T4951 5 amos 105? eA 
ionic product is 2.2 x 10-8, precipitation will occur 14.27 [pb+] = 0.16 M 14.28 
AgI will precipitate first; concentration of Ag* required for precipitation of Ag 
BS 10E, Asel 10-a AESi i0 A 242 [Ag+] = 0.05 M» 
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[Br] = 1.0 x 10-1 14.30 (a) For AgaCrOu, [crov] = 2x 10-8, For BaCrO,, 


[Cro?-] = 4 x 10-° (b) BaCrOs (c) 80% BaCrO, precipitated. 


Quiz Questions 

14.31 (c) 14.32 (d) 14.33 (d) 14.34 (b) 14.35 (d) 14.36 (c) 14.37 (a) 
14.38 (a) 14.39 (b) 14.40 (c) 14.41 (c) 14.42 (b) 14.43 (c) 14.44 (c) 
14.45 (c) 14.46 (a) 14.47 (a) 14.48 (c) 14.49 (c) 14.50 (c) 14.51 (b) 
14.52 (c) 14.53 (b) 14.54 (d) 14.55 (c) 14.56 (d) 14.57 (d) 14.58 (c) 
14.59 (a) 14.60 (b) 14.61 (d) 14.62 (c) 14.63 (b) 14.64 (d) 14.65 (b) 
14.66 (a) 14.67 (c) 14.68 (c) 14.69 (a) 14.70 (a) 14.71 (d) 14.72 (d) 
14.73 (d) 14.74 (c) 14.75 (d) 14.76 (c) 14.77 (c) 14.78 (b) 14.79 (d) 
14.80 (d) 14.81 False: The equivalence point isat pH = 7 for strong acids and 
strong bases, but for others pH may be greater or lesser than 7 because the salt 
formed undergoes hydrolysis. 14.82 False 14.83 True 1484 False 14.85 
True 14.86 False 14.87 True 14,88 True 14.89 False 14.90 True 14.91 
decreases 14.92 directly 14.93 base 14.94 buffer solution 14.95 acidic 
14.96—log K, 14.97 greater than7 14.98 pink, colourless 14.99 hydrolysis 
14.100 larger. 


15 
Electrochemical Cells 


In an electrolytic cell, electrical energy is used to bring about a chemical 
reaction. The process may be reversed and electricity can be produced 


from chemical energy (released during a chemical Teaction). Such devices, 
in which chemical energy is converted into 


electrical energy, are called 
electrochemical or galvanic cells. These cells are very important because 
of their many practical applications. 


15.1 ELECTROCHEMICAL CELL 


An electrochemical cell 
lyte solutions. These 


a salt bridge or porour 
ttment is called a half cell and the reaction occur- 
ting in each half cell is called a half cell Teac Oxidation occurs 
i ion and reduction 
occurs at the other (cathode) called reduction half reaction. The elec- 
trons released due to oxidation at the anode flow through the external 
wire to the cathode where reduction takes place. The Overall cell reac- 
tion is the combination of the two half-cell reactions. For example, in 
the Daniell cell, the two electrodes of zinc and copper are dipped in 
ZnSO, and CuSO, solutions, Tespectively. The reactions are 

Zn(s) = Zn**(aq) + 2e- Oxidation half reaction 
Cu*(aq) + 2e- = Cu(s) Reduction half reictjon 
and Zn(s) + Cu®*(aq) = Zn**(aq) + Cu(s) Overall cell reaction 

It may be noted that oxidation takes place at the anode and reduction 
at the cathode, both in the electrolytic and galvanic cells. However, in the 
two cases, the signs of the electrodes are Opposite. In an electrolytic 
cell the anode is positively charged an nions migrate to it and get 
oxidized, whereas in the galvanic cell the anode is negatively charged as 
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15.2 TYPES OF SINGLE ELECTRODES OR HALF CELLS 


A single electrode consists of an electronic conductor (e.g. metal, gas 
adsorbed on metals, metal coated with sparingly soluble salts) in contact 
with an electrolytic conductor (electrolytic solution, fused salt, etc.) 


Metal-Metal Ion Electrodes 


This consists of a piece of metal dipped in a solution of its ownions. It 
is represented as M”+ | M e.g. Zn?* | Zn. The electrode reaction is 
Zn*+ + 2e = Zn(s) 


Gas Electrode 


This Consists of a gas bubbling over an inert metal dipping into a solution 
containing the corresponding ion, For example, the hydrogen electrode 
1n which H, gas is bubbled over a platinized platinum electrode dipped 
an acid solution. It is represented as H* | H:(p atm) | Pt. The reac- 
lon is 

Ht + e = 4H,(g) 


Metal-Metal Insoluble Salt Electrodes 


These electrodes are prepared by coating a piece of metal with an inso- 
luble salt of the Same metal. For example, silver is coated with AgCl 
and dipped into a solution of Cl- ions, represented as CI- | AgCl | Ag. 
The reaction is 

AgCI +e = Ag + Cl- 
Inert Metal Electrodes 


These Consist of inert metal electrodes dipped in a solution containing 
tons with different oxidation states. For example, a platinum wire 
dipped in a solution of Fe®+ and Fe**, represented as Fett, Fe?* | Pt. 
The cell reaction is 


Fet + e- = Fe?* 


Amalgam Electrodes 


These consist of metal amalgams dipping in solutions of their ions. 
For example, lead amalgam dipping in a solution of Pb!+ ions. 
Tepresented as Pb(Hg)/Pb** The reaction is 


Pb2* + 2e- = Pb (in Hg) 


It is 


15.3 ELECTROMOTIVE FORCE OF A CELL 


The difference of potential which causes a flo 


w of current from th 
electrode of higher potential to that of lower 7 


potential is called the 
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electromotive force of the cell. This is commonly abbreviated as e.m.f. 
and expressed in volts. Thee.m.f.can be interpreted in terms of the 
difference of electrode potentials by writing 
e.m.f. of the cell = Reduction potential of the right-hand-side elect- 
tode — reduction potential of the left-hand-side 
electrode 
i.e., e.m.f. = Er — Er (15.1) 


Note: This isin accordance with the thermodynamic convention that the change 
in any thermodynamic quantity is the difference between the final state (products) 
and the initial state (reactants), 


Reduction potentials* give the tendency to gain electrons, i.e. 


M** + ne = M(s) 
e.g. Zn*+ + 2e- = Zn 
AgCl +e = Ag + cr 


The e.m.f. of a cell cannot be measured with an ordinary voltmeter 
the electrodes. 


a tap key (Poggendorff ensation 
method). However, these days VT b oo 
available, which draw very low cur 


r 
the e.m.f. directly. A PH meter is 


sists of two electrodes. The e.m.f. of the 
lon and reduction at 


me lls and cell reactions 
1. = Ta O cell, oxidation occurs at the anode (or 
ive electrode), and reducti iti 
N ction at the cathode (or positive 
Ds 


3. The e.m.f. of the cell i 
tight-hand-side elect, 


*The electrode potential arises d 
the solution Its magnitude and s 


i ‘0 charge separation between the electrode and 
which it is reversible) is reduced, 


n depend upon the ease with which the ion (to 
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electrode (E2), i.e. 

Ecu = Er — EL 
According to IUPAC convention, the electrode potential is 
always taken as the reduction potential for both electrodes. 

4. The cell reaction can be determined by writing the oxidation and 
reduction reactions with equal numbers of electrons and then 
adding the two reactions. It may be noted that, to equalise the 
electrons in oxidation and reduction reactions, the half reactions 
are multiplied by suitable integers. But the electrode potentials 
do not change for these half-cell reactions. 

5. Ifthe em.f. of the cell (Er — Ex) is positive, then the cell reac- 
tion is spontaneous in the forward direction, i.e. oxidation takes 
place at the LHS electrode and reduction at the RHS electrode. 

Note: If the e.m.f. of the cellis negative, it means that reduction occurs at the 


left-hand electrode and oxidation at the right-hand electrode. For example, the 
e-m.f. of the cell 


Fe | Fe®#(a = 1) || Zn**(a=1) | Zn 
Ee = E(Zn*, Zn) — E°(Fe?+, Fe) = — 0,763 — (—0,440) = —0,323V 


cell 


This means that the cell reaction 
Fe -+ Zn?* (a = 1) = Zn + Fe®*(a = 1) does not proceed. 
But, if the positions of the electrodes are interchanged, 
Zn | Zn?* (a = 1) || Fet (a = 1) | Fe 


So that Ec. = — 0.440 — (—0.763) = 0.323V and the reaction 


Zn + Fe** (a = 1) = Zn** (a = 1) + Fe is spontaneous. 
Thus, fora spontaneous cell reaction (E° = + ve), the electrode 
With the higher electrode potential is written on the right-hand-side (acts 
as cathode and reduction occurs) and the one with the lower electrode 
Potential is written on the left-hand side (acts as anode and oxidation 
Occurs), The electrochemical cell may be represented as 


Zn | Zn2*(a = 1) || Fe®**(a = 1) | Fe 


15.5 STANDARD ELECTRODE POTENTIAL 


It is not possible to determine the potential of a single electrode because 
an electrochemical cell must contain two half cells suitably connected to 
each other. The problem can be solved by selecting an arbitrary re- 
ference electrode. For this purpose, a hydrogen electrode has been select- 
ed as the standard electrode and is assigned zero potential. It consists 
of a platinum foil coated with platinum black, dipped into an aqueous 
Solution of H* jons of unit activity in which hydrogen gas at 1 atm 
Pressure (taken as unit fugacity) is constantly bubbled. The potential of 
all other electrodes are measured with respect to this teference 
electrode. 
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(a) If, in a cell, the standard h 
oxidation occurs, 


2H.(g) = H*(aq) + e- 


then reduction will occur at the other electrode and its electrode 
potential is positive. The €.m.f. of the cell is numerically equal to 
reduction potential of the other electrode, i.e, 
Ecen = Er — Ey 
Ece = Er (Ex = 0) 
Jf the standard hydrogen electrod 
Occurs, 
Hiaq) + e = +H: (g) 
then the potential of the othe 
Ecen = Er — EL 


ydrogen electrode acts as an anode, i.e. 


(b 


= 


e acts as a cathode, i.e. reduction 


r electrode is negative, 


Eceu = — EL (Er = 0) 
Since 
Ecen = +ye | 
EL = —ye 


EXAMPLE 15.1 Write the half cel] Teactions and the Overall cell reactions 
for the following electrochemical Cells: 


(a) Pt |H; (1 atm) | HCI (a) || Cu2+ 
(b) Cd | CaSO; (a) |l SO, 
(©) Pt| CO. | Hc.0,, H+ 


(42) | Cu 
°- (az) Hg:S04(s) | Hg(1) 
(a) Il Mn0,, Mn’+, H+ | Pt 


ion half Teaction (R.H.S. 
electrode) as; 
(a) Oxidation half reaction ; 


Reduction half Teaction ; 


Cell reaction 


(b) Oxidation half reaction : 
Reduction half reaction : 


Cell reaction 


(c) Oxidation half reaction s 
Reduction half Teaction : 


Cell reaction 


EXAMPLE 15.2 Calculate t 


(a) Zn | Zn?* (a=1) | Cu*(a= 
(b) Cr | Cr8* (a=1) | Cu**(q= 
(c) Pt | I-(a=1), I, || Fe’+ (a= 


he standard er 


H(e) = 2H*(a,)+2¢- 
Cu?*(a.)4+-2e- — Cu(s) 
Cu?*(a2)+-H.(p) = Cu(s)+2H+(a,) 
Cd(s) = Cd?*(aq)-+2e- 


H 82SO,(s)+-2e-=27 2(1) +80," (aq) 
Cd(s) +Hg2804(s)= Cd?*(aq)+S0,2- 
+2Hg(1) 


[H3C,0, = 2CO,+2H*+2e-] x5 
(MnO. +8H*+5e-=Mat+ +411 0] x2 
2Mn0s-+5H.C,0,4 61+ = 2Mn?+ 


+10CO2+8H:O 
m.f. for the following: 
1) | Cu 
1) | Cu 


1), Fe (a=1) | pt 
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The standard electrode potentials are: 

E(Zn**, Zn) = — 0.763 V, E(Cu2*, Cu) = 0.337 V, 
E (Crt, Cr) = — 0.774 V, Elle I-) = 0.535 VG 

E’ (Fest, Fe) = 0.771 V. 


Solution The e.m.f. of the cell is, 


Fein = Fhe 
(a) Zn | Zn** (a=1) | Cu (a=1) | Cu 


Ex = E%(Cut*, Cu) = 0.337 V, Ez = E°(Zn"*, Zn) = —0.763 V 


Eeen = 0.337 — (—0.763) = 1.1 V 
(b) Cr | Crt (a=1) |) Cutt (a=1) | Cu 


Ex = E°(Cu?*, Cu) = 0.337 V, Éi = E°Cr**, Cr) = —0.774 


Econ = 0.337 — (—0.774) = 1.111 V 
(c) Pt | I (a=1), I; || Fe?* (a=1), Fes+ (a=1) | Pt 


Er = E° (Fe, Fet) = 0.771 V, Ex = EXC, IF) = 0,535 V 


Econ = 0.771 — 0.535 = 0.236 V. 


15.6 NERNST EQUATION: DEPENDENCE OF E.M.F. ON 
CONCENTRATION 


The e.m.f. of a cell depends on both the standard e.m.f. (E°) as well 
as the activities (concentrations) of the species involved in the cell 
reaction. For a general reaction of the type 
aA+bB = /L+mM 
the e.m.f. of the cell is given by the equation 
RT (aL)! (am)™ 

HD a (aa)? (an)? (15.2) 
where aa, ap, ar and am are the activities of the species A, B, Land M 
respectively, n is the number of electrons transferred if the chemical 
€quation is expressed in two half-cell reactions, R is the gas constant 
and F is the Faraday (96500 C). Here E° represents the Standard 
e.m. f. and is the e.m.f. of the cell when all the reactants and products 
are in their standard states (unit activity). This equation is called the 
Nernst equation 


Equation (15.2) may be written as 


DSIRE (ax)! (am)" 
Traim nF 108 (as)? (az)? (15.3) 
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Substituting the values of constants (R = 8.314 J K- mol", 
T = 298 K, F = 96500 C mol"), the above equation becomes 
o _ 0.0891 (ar)! (am)” (15.4) 
E=E ear lo (aa) (aB)? 
Tf the solutions behave ideally, the activities* 
concentrations, i.e. if 
_ zo _ 0.0591 IL] [M]" 15.5) 
E=E =m log [AF [B] [B] ( 
EXAMPLE 15.3 What will be the e.m.f. of the cell 
Zn | Zn?* (a = 0.01) || Fe?* (a = 0.005) | Fe 
given that E° (Zn?*, Zn) = —0.763 V and E° (Fe?+, Fe) = —0.44 V 
Solution The half cell reactions are 
Zn (s) = Zn™*+42e7 
Fe**+2e- = Fe(s) ) 
Cell reaction, Zn(s)-+Fe?t = Fe(s)+Zn2+ 
The standard e.m.f. of the cell 
E? = E° (Fe?*, Fe)—E°(Znt*, Zn) 


= —0.440—(—0.763) = 0.323 V 
The cell e.m.f. is 


may be replaced by 


a 
E= pe 0.0591 og Zna 
n al Fet) 


(Zn**) = 0.01, (Fert) = 0.005 
E = 0.323 — 90591 lo 0.01 


n = 2, E° = 0,323 V,a 


——_ 


0.005 
= 0.323 — 0.009 
= 0.314 V. 
Thus, e.m.f. of the cell is 0.314 V, 
EXAMPLE 15.4 Consider the cell reaction 
Ag(s)+Cu2*(a = 0.48)-+Br-(q = 0.40) = 
given that the standard z% 


AgBr(s) + Cut(a = 0.32) 
m.f. of the cell with t 
298 K is 0.058 V. 


he above cell reaction at 
(a) Write the reactions Occurring at the 
anod 
(b) Construct the cell, aroas 
(c) Calculate the e.m.f, of the cel], 


Solution (a) At the anode (oxidation Occurs). 
Ag(s)-+Br- = AgBr(s)+-¢- 


At the cathode (reduction Occurs), 
Cu?*-Fe- = Cyt 


*The electrode potenti 
reversible. However, 
concentrations (M). 


al depends upon the ac 


t tivity of the 
in case of dilute Solut 


t ions towards which it is 
ions, 


» activities are equal to the 
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(b) The cell may be represented as 

Ag | AgBr(s), Br~(a=0.40) || Cu*(a=0.32), 

Cu**(a=0.48) | Pt 
(c) The e.m.f. of the cell is given by 
— 0.0591, _ [ews] 
d [rcu] [Fen] 
0.0591 hog — 032 
1 0.48 X 0.40 

= 0.058—0.013 

= 0.045 V 
Thus, e.m.f. of the cell = 0.045 V. 


E= E° 


= 0.058 — 


15,7 THERMODYNAMICS AND E.M.F. 


Thermodynamic functions, such as free energy, entropy and enthalpy 


changes, for cell reactions can be calculated from the e.m.f. and its 
temperature dependence. 


Free energy change 
AG = —nFE 3 (15.6) 


Differentiating AG with respect to temperature at constant pressure, 


We get 
AG) _ dE 
( oT ), T nF (oF r 
aAG 

But (e ) = —AS 
ôE 
Pa VAS me (ar) (15.7 

ar ), ) 


Now AG = AH—TAS or AH = AG+TAS 


OE OE 
So that AH = —nFE+nFT( aa = Dall r (47), -z | (15.8) 


Note: Half cells and cell reactions can be written with du.tferent numbers of 
electrons: Tt must be appreciated that the cell potential remains unchanged whereas 
ree energy changes. For example, in the cell 
Zn | Zn% (a = 0.01) | Agt (a = 0.005) | Ag 
Cell reactions may be written as 


Zn = Zn?++2e- 


Zn+-2Agt = Zn2++2Ag 
2Agt+2e- = 2Ag 


Case I 
or 
2Zn = 4Zn%++e- 
: } 4Zn 
C 


+Agt = 4Zn*++Ag 
Agt+e- = Ag II 


ase 
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or 
2Zn + 2Zn?+ 44e- \ 


2Zn+4Agt = 2Zn*+4+4Ag 


4Ag*++4e- = 4Ag Case IIT 


According to Nernst equation 


RT, [ azan] Piza 
E= Bme In n 
MF ash] "ag 
where 1(zps+) and Ag+) represent the number of ions of zinc and silver, 
respectively. If we put these variables according to the overall reactions: 


1 
pape RT p [en] =p kT lize f 
a aan TE Fh ash | 
Case I Case I] 
= po—__RT [ azne]? 
=E p a A 
4F [ Ag+) ] 
Case IJI 
Thus, e.m.f. in all three cases is the same. However, free energies, 
given by the relation AG = —nFE. 


whereas AG is an extensive quantity, 


EXAMPLE 15.5 The Standard e.m.f, 


of the cel] 
Pt | Ha (1 atm), H+ (a = 1) 4 KCI (a = 1), AgCI | Ag at 298K 
is 0.223 V. The temperature Coefficient of the e.m.f. at constant pressure 
has been found to be —0.65 mVK-1, 


(a) Write the cel] reaction for the cell. 
(b) Calculate AG®, AS° and AH? for the cell Teaction. 


Solution 
(a) Oxidation half reaction : 4Hi(g) = H+ (@ = 1)+e- 
Reduction half reaction : AgCl-+e- os Ag+Ch (a = 1) 
Cell reaction AgCI(s)+}H,(g) = Ag(s)-+H'(a=1)+ ) 
cra = 1 
(b) The Gibbs free energy change for the reaction at 298 K 
AG? = —nFE° 
n=1,F= 96500 C mol, E° — 0.223 y 
AG? = 


—() x (96500 C mol™) x (0.293 V) 
~21.520x 103 C y mol- 
=21.520 kJ moj=ı IC.V. = y] 


p Eeh OE | 
AS° = nF (35), 


Il 


I 
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The temperature coefficient of the e.m.f. at constant pressure 
( 2E) = —0.65 m V K- = —0.65x 1078 V K= 
ar Jy 
Thus, AS° = (1) x (96500 C mol") x(—0.65 x 10-7? V K7) 
= —62.7 J K mol 
Now, AH? = AG°+ TAS® 
= —21.52 kJ mol™1+ (298 K) x (—62.7X 107° kJ Kt 
mol") 
= —21.520—18.685 
= —40.205 kJ mol. 


15.8 EQUILIBRIUM CONSTANT AND E.M.F. 


The e.m.f, of the cel! may be used to calculate the equilibrium constant 
for the cell reaction. 


—AG° = RT In K = nFE° (15.9) 
RT In K = nFE° 
ot Te nFE° 
log K = 3303 RT 


EXAMPLE 15.6 Calculate the equilibrium constant for the reaction 
2Fe3*+21- = 2Fe**+Is 

at 298 K, given that 
E°(I2, I-) = 0.536 V and E°(Fe**, Fett) = 0.771 V 


Solution The cell reaction can be written as: 
21- = In+-2e7 at anode (oxidation) 
2Fe3+-++-2e- = 2Fe?} at cathode (reduction) 
So thate m.f. = Er Ex 
= E°(Fe**, Fe?+)— E°(I2, I-) 
= 0.771—0.536 
= 0.235 V 
The equilibrium constant K for the reaction 
2Fe3+-+21- = 2Fe** +12 
is given by the relation 


nFE° 
log K= 3303 RT 
n= 2 F = 96500 C molt, E° = 0.235 V, R = 8.3143 K- mol, 


T= 298K 
z 2x (96500 C mol-*) x (0.235 V) 
log K = 5303 x(8.314 J K™ moi) X (298 K) 


=S 
K = 8.9x107 
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15.9 pH MEASUREMENTS 


electrode (indicator electrode) depends on the activity of the H* ions in 


the solution in which it dips. This helps to determine the activity of the 
hydrogen ion or the pH of the solution. 


In addition to the hydrogen 


electrode, any electrode whose potential 
depends upon Activities of H+ 


or OH- ions, can be used to measure pH. 


The Hydrogen Electrode 


The electrode Potential of the hydrogen el 


ectrode involving the reaction 
AY [ agg] te7 = IHC) 


is E= ees In [fata]? ful? 
[an] 


If the pressure of the gas is 1 atm (i.e. f= 1), 


Boa RI — 2.303 RT 
Lat TES F log [laq] 
2.303 RT 
F~ PH 


Yy coupling the hydrogen electrode with a 
» KCI (sat. soln), Hg:Cl;(s) | Hg]. 

The cell is 
Reference electrode l H+ 


lan] lH atm) | Pt 
oun = — 2303 RT 


PH— Exeterenco 
At 298 K, Eon = —0.0591 pH— 


Exeterence 
azh Exeterence— Ecen 
eS 0581 


as a reference electrode. This 
ide and a solution of potassium 
CI (solution) | Hg:Cl(s) | Hg. 
er 0.1 mol dm=, 1 mol dm™ or 

at the electrode, if it involves 


2Hg()+2C1- = Hg2Cla(s)--2¢- 


(oxidation) 
Hg2Cl.(s)+-2e- = 2Hg(1)+2C1- 


(reduction) 


The Quinhydrone Electrode 


Quinhydrone is an equimolar mixture of quinone and hydroquinone, 
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Ata Pt electrode the following equilibrium takes place: 
C,H,O2+2H*+2e7 = CHO: 


Quinone Hydroquinone 
The reduction potential of the electrode is 
4(QH:) 


PERI Malia ee a 
EQ, Qa, H) = oe M Taolla p 
In solutions, the activities of Q and QH: are constant so that 
2.303 RT 
P 


Eg om 19 = 2 — yp? 
where E°Q, QH., H+) has a value of 0.6996 V. 
For a cell, 
Reference electrode {| H* [a+] Q, QHe | Pt 
2. 
Een = E°a, QH:, Ht) — pona PH — Ereterence 
pH = E°g, QH;, H+) — Ereterence — Ecen 
2.303 RT/F 
At298 K, pif: EQ Otte Hy — Freteronoe Boei 
y 0.0591 


The Glass Electrode ~ 

When two solutions of different pH are separated by a glass membrane, 
the potential across the membrane depends upon the difference in pH of 
the two solutions This type of electrode consists ofa bulb made ofa 
Special glass containing 0.1 N hydrochloric acid and a silver-silver 
chlorid: electrode. The glass electrode is immersed in the solution 
whose pH is to be measured. 

Ag | AgCI(s), 0.1 mol dm HCI | glass | soln of unknown pH 


The electrode potential of the glass electrode is 


RT 2.303 RT 
Ec = ES ay In qty = ES + =e pH 


When coupled with the reference electrode, the cell is 
Ag | AgCI(s), 0.1 mol dam™®™HCI | glass | solution [ac] ll Reference 


electrode 
Ece = Ereterence — EG 
o 2.303 RT 
= Ereterenc> — Eg a re pH 
= Eg = Ecen 


Ereterence 
pi 2.303 RT/F 


o 
Ereterence — ig. = Ecei1 


At 298 K pH = 0.0591 
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Specific Ion Electrodes 


In recent years, a number of electrodes have been developed whose 
potentials depend on the ratio of activities of a particular lon across 
suitable type of membranes. These electrodes are called specific ion 
electrodes and are used conveniently for determining the activity of a 
given ion using a sensitive pH meter. 
EXAMPLE 15.7 The e.m.f. of the cell 


Pt | H2(740 torr) | Solution of unknown pH || 1M KCl, 
Heg2Cl.(s) | Hg(1) | Pt 


Enyarogon 
e hydrogen electrode, 


RT. [faaglt 9. 303 


740 
Pua) = 760 = 0.974 atm 


At 298 K, E= — 2.0801 log 0.974—0.0591 p 


Ereterence E 


Thus, Ecey = Enyarogen 


0.480 = 0.280 +2. 0591 log 0.974+-0.0591 pyg 


or 0.480 = 0.280 — 0.0003 + 0.0591 pH 
0.0591 pH = 0.2003 

0.2003 

or pH = 0.0501 = 3.39 

EXAMPLE 15.8 


To calculate the pH of a 
hydrone electro, 


de was Coupled with a saturat 
Pt | Hg(1), Hg2Cl.(s): KC 
The e.m.f. of the cell was 


the pH of the solution, 
= 0.6996 y, 


given solution A, the quin- 
ed calomel electrode as 

l (sat. soln) {| Solution 4; Q, QH: | Pt 
found to be 0.123 V at 298 K. Calculate 
Eeatome1 = 0.2415 V and E? (H+, Q, QH») 


Solution The e.m.f. of the cell, 


Ecen — Equinnyarone = Ecaiome1 


Equinnyarone can be calculated from the reaction, 
Q + 2H* + 2e = QH, 


Equintyarone => Equintyarone = BE ln ae 
2E T Tno 
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= 0.6996 — PH 


2.303 RT 
F 
At 298 K, 


Equinnyarone = 0.6996—0.0591 pH z 
and Evatomel = 0.2415 V 


Now, Ecen = Equinnyarone == Ecatomet 
0.123 = 0,6996 — 0.0591 PH — 0.2415 
0.3351 _ 
PH = 0.0591 7 5.67 


15.10 SOLUBILITY PRODUCT FROM E.M.F. DATA 


Ina saturated solution of a sparingly soluble salt such as AgCl, equili- 
iium is represented as 5. 
AgCl (s) = Ag* (aq) + CI- (aq) 


he Product of the activities of Ag* and CI ions is the solubility 
Product 


Kso = [atag] x lacin ] ; 

Since the solubility product is the equilibrium constant, it must be 
Telated to the e.m.f. of the selected cell having an overall reaction as 
above, For example, for determining the solubility product of AgCl, 
the cel] is 

Ag | Agt Cl (sat), Ag Cl(s) | Ag 
At anode, Ag(s) = Agt + e- 
At Cathode, AgCI(s) -++ e7 = Agt CIT 
© that the overall reaction is 
AgCl(s) = Agt + Cr 


and E= At In [acagr ] Lace,-) I 


RT 
=— Ink, 
nF Ina 


Knowing the value of E°, K, can be calculated. 


EXAMPLE 15.9 Calculate K,» of AgCI by forming a suitable cell, given 
that EAgCl, Ag, Cl-) = 0.2224 V and E°(Ag*t, Ag) = 0.7991 V 


Solution 
The cell can be represented as 
Ag | Ag* CI (sat) | AgCI(s) | Ag 
At the left electrode, 
Ag(s) = Agt + e7 
At the right electrode, 
AgCl(s) + e7 = Ag + CI- 
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Overall reaction: 
AgCl(s) = Agt + CI 
om = Er— E, 
= 0.2224 — 0.7990 


a OFS. 60nV. 
ee ENT 
Now E => pp In Ks, 
nFE° 
or In K,, = RT 


(1) x (96500 C mol4) x (—0.5766 V) 
Desc GA TE mol) x (298 K) 
= -9.75 
Ky = 5.6% 10-8 


15.11 DETERMINATION OF ACTIVITY COEFFICIENTS FROM 
E.M.F. 


E.m.f. measurements provide the most convenient method of determining 
activity coefficients of ions. Consider a simpie cell, 


Pt | H(I atm) | HCI(m) | AgCl(s) | Ag 
The overall cel] reaction is 
2H2(g) + AgCI(s) ———> Ag(s) + H* + CI- 


{H+) %CI-) 
Beat = pe 2303 RT (H*) 


nF log 


Laual? 1 
The activities of solid Ag and AgCI are taken constant and the fugacity 
of hydrogen at 1 atm is also unity, so that 
E= —— 0.0591 log ant) RGIS) 
Now a = 74 maiy; aci- =y- mci- 
For 


HCI, m} = m_ = m, so that 
E = E° — 0.0591 log m? — 0.0591 log y+ y- 


For each ion, the activity coefficient Yr Y- 


4 2 
= ie 
where y, 


+ is call -d the mean activity coefficient. 


E = F° — 20.0591 log m — 0.0591 lo 
or E = E° — 0.1182 Jo 
Thus, knowing the value 
E?, the mean activity coefficient can be calculated. 
EXAMPLE 15.10 For the cell at 298 K, 

Pt | He (l atm) HCI(m) || A 


Eri 
gm — 0.1182 log Yt: 
of Eat a particular concentration m, and 


gCl(s) | Ag 
the e.m.f. is 0.450 V when m is equal to 0.0134 mol dm-3, Calculate the 
mean activity coefficient. (E° = 0.2224 y) 
Solution For the c 


“ll, the cell reaction is 


t Ha(g) + AgCI(s) = Ag(s) + H+ + Cr 
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2.303RT 
nF 


= E° — 0.0591 log m? — 0.0591 log y}, 


= E° — 0.1182 log m — 0.1182 log y+ 
E = 0.45 V, E° = 0.2224 V, m = 0.0134 
0.1182 log Y4 = E° — 0.1182 log m — E 
= 0.2224 — 0.1182 log (0.0134) — 0.450 
= 0.2224 + 0.2214 — 0.450 


salad. Sage log am») CI") 


= — 0.0062 
log y} = —0.052 
y4 = 0.887 


15.12 CONCENTRATION CELLS 


alectrica] energy can also be obtained by the concentration difference of 
ee in which the electrodes are dipping. These cells are called 
_ centration cells. In these cells, the free energies of solutions are 
Root at two concentrations, and electrical energy arises from the 
nea of substance from the solution of higher activity around one 
oe (higher energy) to that of lower activity around the other 
Tode (lower energy). For example, in the case of a cell 
oie Zn | Zn% (a) || Zn (a3) | Zn 
ust may be expressed as 


RT az 
Ae Ei i A 
nF l a 


For e.m.f. to be positive, a; > az so that the reaction proceeds in 
the direction indicated. 
However, in case of gas electrodes such as 
Pt | H: (pi atm) | HCI | He (p: atm) | Pt 
assuming that the behaviour of hydrogen is nearly ideal, e.m.f. may be 
Written as 


= PREA 
2 Pine Lars 


15.13 JUNCTION POTENTIAL 


A liquid junction between the solutions in a cell gives rise to a junction 
Potential. The e.m.f. of the cell will depend on the transference numbers 
Of the ions. Such cells are called concentration cells with transference, 

© e.m.f. of the cell will be equal to Ecen + E; where Eceu is the 
Potential of the cell that would be observed inthe absence of junction 
Potential and E, is the junction potential. Æ, can be calculated as 


1 E— (Er — £1). 
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EXAMPLE 15.11 Calculate the e.m-f. of the cell at 25°C 
Pt | H. (700 torr) | HCI |) He (420 torr) | Pt 
assuming that hydrogen behaves as an ideal gas 
Solution The overall cell reaction is 
Hz (700 torr ) = Hy (420 torr) 


RT |, 420/760 
2.303 nF °S 700/760 


= — 2.0591 pp 420 
7 2 92 709 


= 6.56 10-3 y = 6.56 mV 
EXAMPLE 15.12 The potential difference between hydrogen electrodes 
in the cell 


Pt | He (760 torr), H+ (m=0.01) | H+ (m:=0.1) | Hz (760 torr) | Pt 
is 0.0558 V at 298 K. The activity coefficient of a 0.01 m HCI solution 
fan 0.1 m HCI solution. 


‘Ace between two hydrogen elect-odes is 
a 

E= RT, For), 
nET 


is 0.90, calculate the activity coefficient o 
Solution The potential differe 


0. a p 
E = 20591 log [ CW 
[e arl 
RESES [e (H+). = Mm y: = 0.1 y, and [e a», = Mi Yr 
= 0.01 X 0.9 
and E = 0.0558 y 
0 0591 0.1 y; 
0.0558 = 79591 EON ea 
SOA 
0.1 yə 0.0558 
or = =L —— 
Soe OT TOO SO N eee 
MPNA 
0.01 x09 = 879 
ya = 879 x 0.01 x 0.9 
$ oa 
= 0.79 
15,14 


ELECTRODE POLARIZATION 


In case of cells fun 
no flow of curr 
the cell. In such > the discharge of ions 
However, under 
t flows, Due to 
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the passage of current, the concentration of the reactants and products 
around the electrode is different from its bulk concentration. This 
naturally changes its potential from the value under reversible conditions. 
This phenomenon of disturbance of equilibrium due to flow of current 
is called electrolytic polarization and the disturbed electrode is called 
polarized. Polarization is due to the slowness of one or more processes 
occurring at the electrode during the discharge or formation of ions. 
The nature of the slow process determines the type of polarization. 


Concentration Polarization 


This type of polarization is due to the change in concentration in the 
vicinity of the electrode. For example, when a metal is dipped into a 


solution of its own ions M** (activity = a), the reversible electrode 
potential of the electrode is 


= po 8T 
E=E zF ina 


However, when an external e.m.f. is applied in such a way that the 
metal electrode is made the cathode, the M2* ion will start discharging 
on the electrode. The resulting concentration a’ of the ion around the 
electrode will not be equal to a. Obviously, the potential given by the 
relation í 
RT 
ZF 
will be higher than the reversible 
into a solution of activity a. 
from its reversible value, d 
its immediate neighbourhood 


E'= E° — 


Ina’ 


potential (E) of the electrode dipping 

This change in potential of the electrode 
ue to change in the concentration of ions in 
, is called concentration polarization. 


Over Voltage 


In case of cells where evolution of gases occurs, it; has been observed 
that, under irreversible conditions, the potential required is larger than 
the reversible potential. This difference between the potential of the 
electrode when gas evolution is actually observed and the theoretical 
Teversible value for the same solution is called over voltage. 


Over voltage varies with the nature of the metal and the solution in 
Which it is dipped. This indicates that some step involved in the process 
of evolution of gas is slow. 


15.18 THE DROPPING MERCURY ELECTRODE 


(POLAROGRAPHY) 


Polarography is an important technique these days, In this, the cathode 
i 


s a dropping mercury electrode, in which a mercury drop grows steadily, 
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at the tip of a capillary dipping in the solution, and falls, keeping oe 
cathode surface fresh. The anode is either a mercury pool ora tanto 
electrode. The polarographic cell js a small glass vessel fitted ge 
dropping mercury cathode. Variable voltage is applied across the ce 
and the current passing through it is measured. The current versus 
potential curve is called a polarogram, Discharge of each ion 18 
represented by a single step, called a polarographic wave, in the 
be used to determine the number of 

n process and is used to determine 
stability constants of complexes. These days, different variation of the 
parent technique, e.g. A.C, polarography, pulse Polarography, etc. are 
available. 


MISCELLANEOUS EXAMPLES 


EXAMPLE 15.13 The e.m.f. of two cells at 298K are 
Pt | H.(1 atm), HCI(a = 1) || CL(1 atm) | Pt; Z° 1.3505 V 
and Pt | Cl.(1 atm), HCI(a = 1) || AgCi(s) | Ag; E° = — 1.137V 
Predict the e.m.f, of the cell 
Ag | AgCl(s) | HCI(a = 1) | Cl:(1 atm) | Pt 
Solution For the cell 


Pt | H.(1 atm), HCl(a = 1) | Cl:(1 atm) | Pt 
Ecen = Er — Ex 
= E(Cl, CI) — E*(H*, H2) 
Ero = 1.3595 V, E°(Ht, Hz) = 0 (by convention) 
1.3595 V = E: (Ci; CIF) 


E*(Clz, Cl") = 1.3595 y 
For the cell 
Pt | Cl(1 atm), HCI (a = 1) | AsCl(s) | Ag 
Ecen = E*(Ag*, Ag) — ECh, Cl-) 


Eve = — 1.1370 ye E: (Ci; 
so that — 1.1370 V = F° 


ll 


I 


CI) = 1.3595 y 
(Ast, Ag) — 1.3595 y 

E Ag+, Ag) = 1.3595 — 1.1370 = 0.2225 y 
For the cell 


Ag | AgCI(s) | HCI(a = 1) | Cl.(1 atm) | Pt 

“eon = EXC, cy-) — E? Agt, Ag) 
=S 0.2225 = 1.1370 V 
EXAMPLE 15.1 
is — 237.2 k 


rmation of liquid water at 298 K 
hydrogen an 


8y Of ionization of liquid water to 
d hydroxyl ions is 79.7 kJ/mol. 


e e.m.f. of the cell 
~ | 0.(1 atm) 2 


(b) 
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If AH of the cell reaction is — 172 kJ/mol, what will be (i) the 
temperature coefficient of the cell at 298? (ii) AS for the 
reaction ? 


Solution > 
(a) H.(g) + }0:(8)——> H:O(1) AG = — 237.2 kJ (i) 
H,O(I) —> H* + OH- AG = 79.7 kJ (ii) 
The cell is 


(b) 


H:(1 atm) | H+ || OH- | O, (1 atm) 

The reaction at the left electrode H: = 2H* + 2e- 

The reaction at the right electrode HO + 40, = 20H- 

The cell reaction H20 + 402 + Ha —~> 2H+ + 20H- (iii) 


The cell reaction can be obtained by multiplying Eq. (ii) by 2 
and subtracting from Eq. (i). 


H,(g) + 402(g) —> H20(1I) AG = — 237.2 kJ 
2H:0(1) ——> 2H+* + 20H” AG = 159.4 kJ 


H:0(1) + 402(g) + H.(g) ——> 2H* + 20H- AG = — 77.8 kJ 
Now AG = — nFE 
= 20 
or E = nF 
=2, F = 96500 C 
Eu — EA 


“2 x 96500 = 0-403 J Ct = 0.403 V 


AG = AH — TAS 
AG = — 77.8 kJ, AH = — 172.0 kJ 
TAS = AH — AG 
= — 172.0 — 77.8 = — 94.2 kJ 


3 
as = — 240 x 10 _ = 3164 5.K 4 
OE 
Now, AS = nF (37), 
=) _ AS 
Sy (T p nE 
_ = ES 
~ 2 X 96500 C 
= — 0.00164 JC K~ 
= — 0.00164 V K™ 


EXAMPLE 15.15 The reaction in a fuel cell is 


H: + 40: ——> H:O 
E°(0,, H+, H:0) = 1.229 V 
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(a) Calculate the equilibrium constant for the cell reaction. 


(b) What is the maximum e.m.f. obtainable from the above cell if 
both hydrogen and oxygen are at 1 atm pressure ? a cae 

(c) What is the maximum amount of electrical work available Pp 
mole of hydrogen ? 

(d) How many am 
such a cell containing te 


Solution 


Peres per hour electricity would be supplied by 
n moles of hydrogen ? 


(a) Left electrode : Hz —— 2H+ + 2e- 
Right electrode : 2H* + 402 + 2e- = HO 
Cell reaction : H, + 4 O: —> H.0 

Ecen = Er — Er = 1,229 — 0 = 1.229 y 


(b) The maximum e.m.f. obtainable from the cell = 1,229 V 


(c) Now, AG? = — nrre 
= — (2) x 96500 C mol! x 1.229 y 
St 237: DK 
Maximum amount of electrical work available = 237.2 kj per mole 
of hydrogen 


(d) Amount of electricity Produced for one mole of hydrogen 
=2 x 96500 C 

d for ten moles of hydrogen 

= 2 X 96500 x 10C 

= 193 x 105¢ 

y., i 193 x 105 hei 
Electricity supplied per hour = EOK GOR 60) = 5.36 X 10°Ch 


Amount of electricity produce 


QUESTIONS 


Numerical Problems 


15.1 Write the equations for left- anq tight-hin 
Overall cell reactions for the following: 

(a) Pt | He, H+ I Cu* | Cu 

(b) Zn | Zn Cl, HgsCla(s) | He(1) 

(c) Ag | Ag+Br- ll AgBr(s) | Ag 

(d) Cr | CrCls(aq) || KCI 

(SI units) A zinc-zine jon 

Saturated calomel electrod. 

observed e.m.f, is 1.004 


d electrode reactions and the 


15.2 


5V. What is the cell reaction and the electrode 
Potential of the zine-zinc ion electrode. given that the electrode potential of 
the calomel electrode is 0.2415 v2 
15.3 Find the Standard e.m.f, of the cells 
(a) Cu | Cuz (a = 1) į Ci- (a = 1), Ch(1 atm) | Pt 
(b) Zn | Zne (a = DI Cde (a = 1) | Ca 
©) |I- (a = 1) 9 Cest CEES 1) | Pt 
The standard electr i 


€ E(Cut, Cu) = 0,337 V, 


15.4 


15.5 


15.6 


15.7 


15.9 


15.10 


15.11 


15.12 


15.13 


15.14 
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E?(Cl:, Ci-) = 1.3595 V, E?(Zn%+, Zn) = — 0.763 V, E°(Cd?+, Cd) 
= — 0.403 V, E°(Cet+, Ce3+) = 1.440 V, E°(Ia, I-) = 0.536. 

The standard electrode potentials E°(Iz, I-) and E°(Cls, Cl-), are 0.536 and 
1.360 V, respectively. Will iodine liberate chlorine from a solution of chloride 
ions (unit activity) ? y 
Predict whether the following reactions will occur spontaneously or not: 
(a) 2Cut(a = 1) —> Cu + Cu**(a = 1) 

E*(Cut, Cu) = 0.521 V, £°(Cu?*, Cu) = 0.337 
(b) AgCl(s) + I-(@ = 1) —> Agl(s) + Cl-(a = 1) 

E°(AgCl, Ag) = 0.2223 V, E°(AgI, Ag) = — 0.151 V 
(c) Mn** + 4H.0 + Fest —> MnO; + 5Fe*+ + 8H+ 


E°(Fe*, Fe*+) = 0.771 V; E°(MnO;z, H+ Mn+) = 1.51 V 


Will Fe?+ be oxidized to Fest by (a) acidified permanganate ions 
(b) chlorine ? : d 
Given that: E°(Fes+, Fett) = 0.771 V, E°(MnO;, H+; Mn**) = 1.51 V, 
and E°\Cls, Cl-) = 1.360 V. 
(SI units) Calculate the e.m.f, of the following cells at 298 K: 
(a) Zn | Zn*+(a = 0,205) || Fe?*(a = 0,125) | Fe 
E°(Zn*+, Zn) = — 0.763 V, E°(Fe*+, Fe) = — 0.440 V 
(b) Pb | Pb*+(a = 0.0018) | Fe**(a = 0.2), Fe*+(a = 0.15) | Pt 
E(Pb*+, Pb) = — 0,126 V, E°(Fe*+, Fe*+) = 0.771 V 
The e.m,f. for the cell reaction 5 
2 Co + 2Ni?+ = 2Co*+ + Ni 
is 0.003 ve What will be the increase or decrease in cell potential if the 
concentration ratio 4(Co?)/4(Ni2+) is changed by a factor of (a) 10 (b ,0.1? 
Calculate the standard e.m.f, and standard free energy change for the cell in 
which the reaction 
Fe* +- $Bra(l) = Br- + Fea 
takes place. £°(Fe**, Fe*+) = 0.771 V, E°(Bro, Br-) = 1.065 
Write the cell reactions and calculate the standard free energy changes for the 
following cells; j E 
(a) Pt] TI* (a = 1), Ti+ (a = 1) || Cl-(a = 1), HesCla(s) | Hg 
E°(TI*, Ti+) = — 1.25 V, E°(HgsCla, C1-) = 0.2676 V 
(b) Pt | Hi(1 atm), H+(a = 1) || Cl-(a = 1), Cls(1 atm) | Pt 
E°(Cla, Cl-) = 1,350 V. ‘ à 
Calculate the e.m.f. of the cell corresponding to the cell reaction: 
4Ha(g)(1 atm) + AgCl(s) = Ag(s) + H+(a = 0.1) + Cl-(a = 0.1) 
The standard free energy change for the above cell reaction at 298 K is 
— 21.45 kJ. $ 
The standard e.m.f. of the cell 
Pb(s) | PbCla, Cl-(a = 1) || Cl-(@ = 1), Hg:Cl: | Hg(1) 
at-298'Ķ is 0.536 V. The temperature coefficient of the e.m.f. at coastant 
pressure has been found to be 0.145 mV K-1. Calculate AG°, AS° and AH? 
for the cell reaction. 
Calculate AG° and the equilibrium constant for the cell reaction 
Cla + 27 —+ 2Cl- + Ia 
given that E°(Cla, Cl-) = 1.36 V, E°(Is, I-) = 0.536 V. 
The eguilibrium constant for the reaction 
Cet+ + Fett = Cet + Fett 
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at 298 K is 1.6 x 10-*. Calculate E’sn and AG? for the above reaction. 
15.15 The e.m-f. of the cell 
Pt | Ha(1 atm), HCI || AgCI | Ag 
is 0.380 Vat 98K. What is the pH of the solution 
(Eiaeai, Cl-) = 0.2223 VY) 2 
15.16 Calculate Ksp of TIBr at 25°C by forming a suitable cell, given that E° 


= — 0.658 V, Eons i) = = 0.336 V. 


1:.17 The solubility of Agl at 298 K is 9.2 x 10-9 
of the cell 
Ag | AgI(aa) || AgI | Ag 
15.18 Calculate the equilibrium constant for the reaction: 
Ag + Fet+ = Agt + Fet+ 
The standard electrode potentials of the electrodes 
Agt | Ag and Fe, Fe?+ | pt 
are 0.7991 V and 0.771 V respectively, 
15.19 The e.m.f. of the cell Consisting of oxidat: 


(TIBr, Tl) 


mol kg-1. Calculate ‘the e.m.f. 


ion half reaction 


(a) the standard e.m.f..of the cel] 
(b)- the standard free-energy cha 


15.20 For the cell f 
Pt | Hg(l) | KCI (1M) He:Cla(s) || H+[a 
Calculate the e.m.f, when pH 


nge for the cell reaction 


(HH I2, QH: | Pt 
= 4 at 298 K, 
E? = 0.280 V and Ee 
— Exxtomes paleo: QH: H+ | Pr) = 0.6996 V) 
QUIZ QUESTIONS 


Type A: Multiple Choice 
15,21 In the cell reaction 
Cu(s) + 2Agt(a 24 
the reduction half ae ae Suse) p 2e) 
(a) Cu(s) — 2e -> Cu®+ (aq) 
(b) Cuag) + 26 =s Cus) 
(c) 2 Ag(s) > 2 Agt(aq) + 2e 
(d) 2 Agt(aq) + 2e > 2 Ag(s) 


15:22 Free energy pagi (AG) is related to the e.m.f. ofa cell (E) as 
T 
(a) AG = — TE lna E 
(b) ag = — nFE 
©) Bas nr, G 
Ol aG = _ 2FE 
RT 
15.23 According to th 
terms of the red 
as 


e latest Convention, the e.m.f. o 


15.24 


15.25 


15.26 


15.27 


15,28 


15.29 
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Which of the following statements is not correct regarding galvanic cells? 
(a) Oxidation occurs at thè anode 

(b) Ions carry current inside the cell 

(c) Electrons flow around the external circuit, from cathode to anode 
(d) When the e.m.f, of the cell is positive cell reaction is spontaneous. f 
The electrode Pt/Fe*+(C,), Fe*+(Cs) belongs to the type 

(a) gas electrodes 

(b) inert metal electrodes 

(c) amalgam electrodes 

(d) - metal-metal insoluble salt electrodes 

The entropy change (AS) for a cell reaction is given by 


(a) oP Sr ), 
TO 


(c) — nF(3e 


The equilibrium constant (K) for a cell reaction can be calculated from the 
e.m.f. of the cell (E°) by the relation 


2.303 RT 5, 

(a) K= TF. oe E 
nFE° 

©) lek = 3AT 

2.303 RT 
OMES STE 

3 

(dì K= 2203 nE log E° 


The Nernst equation for the e.m.f, of the cell for the 
aA + bB -> cC + dD 


is 
o RT, (ac) (ap)4 
@) BB +7 Daer 
RI (ac)? (ap)? 
o =F —__= 
DIEE aay (aa) 
A S (ae)* (ap)4 
() B= B= anaa a 
` 1, (ac) (ap)? 
Gia (@4) (ap) 


If 2.303R7/F = 0,059 and the activities of the solids are constant, then e.m.f, 
of the cell 
Zn | Zn% (a;) || Cu®+ (as) [ Cu 
is 
3 


a: 
(a) E = E° — 0.059 log ie 


a 
(b) E= E° + 0.059 log “Ga 


0.059 ay 
Ga OE 


(©) E=F- 
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(d) E=E +—z— log akc 
15.30 A half cell reaction is one that 
(a) occurs at one electrode 
(b) goes only half way to completion 
(c) involves a half mole of the Concentration of the solution 
(d) always oxidises 
15.31 Thee.m.f. of a concentration 


solution of higher activity (a) to that lower activity (a2) is given by 


(a) B=— AP in z ' 
@) E=- 2% 1 a 
hae ees ta 
(d) E= Zp of 


15.32 If 2.303RT/F = 0.059 and the standa. 


0.059 
0.059 — x 
(by 2059 
PES: 
CO) PES are 


E 
(a) 0.059 x= 


15.33 For the galvanic cell 


Zn | Zn** [a Znas)] I Cu [acun] | Cu 
where'a Zn) and 


e.m.f. of the cell | 


(a) increases with increase of 


(7n2+) When a (Cu*+) = constant 
(b) increases with decrease of Cua) when Zn) E NEN 


(Cu*+) increases 


(Zn+) decreases and Cut) increases 


Concentration polarization arises because of the 
(a) + different concentrations of Solutions in the two half cells 
(b) changes in the c 

bulk concentration 
(c) reversible nature of the cell 
(d) variation in temperature during Measurements 
In a standard Weston cell, the cathode is 
(a) cadmium amalgam 

Mercury 
/ (c) platinum 
(d) carbon 


(c) increases when AZn) decreases and a 


(d) decreases when a 
15.34 


15.35 


(Cust) ate the activities of the Zn*+ and Cu?+ ions, 


cell with transference of cations from the 


The 


15.36 


15.37 


15.38 


15.39 


15.40 
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The electrode reaction for the electrode Ag, Ag:0/H:0, OH- 
(a) 2Ag + 20H- -> Ag:O + H:O + 2e- 

(b) Ag > Agt + e~ 

(c) Ag:O + H:0 + 2e- —> Ag:O + OH- 

(d) 2Ag + H:O + Ag:O + Ha 


The reduction electrode potential for the el 5 
written as R e electrode Pt | Ti+, TI+ may be 


at the anode is 


a 
(a) Exe? — RZ p 


F 471+) 
a, 
(bt) Ea ey AT, OH) 
2F Ti+) 
si 


(Oba Ey — 22 og 
Ea (Tis+) 


@) gag — RT), “TH 
2F a(TI5+) 
To calculate the solubility product of AgI, the following cell was constructed 
Ag_| Agt, T- ll Agl(s) | Ag 
If E° is the standard electrode potential, then Ksp is given as 


om nFE° 
(a), log Ke = -3303RT 
nF =, 
(0) Ka = Z30RT 8E 
(c) In Ksp = x 


(4) In Ky = nF [( ore )- z] : 


The cell reaction in the cell formed by coupling the two standard electrodes 
Pt | Ha, H+ (E = 0) and Ag | AgCI, CI- 

(E = 0.2223 V) is 

(a) 4H, (1 atm) + Ag+ (a = 1) = Ag(s) + H+(a = 1) 

(b) }Ha (1 atm) + AgCl(2) = H+ (a = 1) + Cl-(a = 1) + Agta = 1) 

(c) Ag(s) + H¥(a = 1) + Cl-(a = 1) = AgCl(s) + 4H, (1 atm) 

(d) 4H, (1 atm) + AgCl(s) = H+ (a = 1) + CI (a = 1) + Ag(s) 

If the solubility-of AgBr is x mol kg-t at 25°C, the e.m.f. of the cell is 

given by 

(a) 0.0591 x (b) 0.0591 log x? 

(c) 0.0591 log x (d) 0.0591/2 log (2x) 


Type B: Multiple Choice (Numerical Problems) 


15.41 


15.42 


The standard electrode potential of Zn | Zn*+ is —0.763 V. The e.m.f. of the 
cell represented by the cell reactions 

Zn(s) + 2H+ (a = 1) = Zu™ (a = 1) + Ha (1 atm) is 
(a) 0.763 V (b) zero 
(c) —0.763 V (d) cannot be calculated 
The standard electrode potentials of Zn | Za*+ and Cu | Cu are —0.763 andl 
0.337 V, respectively. The standard e.m.f. of the cell 

Zn | Zn% (a = 1) |i Cu% (a = 1) | Cuis o e 
(a) 110V (b) 0.426 V i YS 
© —110v ~~ z (d) zero” Sr oer 
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15.43 


15.44 


15.45 


15.46 


15.47 


15.48 


15.49 


15.50 


Type C: True or False 


15.51 


The e.m.f. of the cell Zn | Zn?+ (0.01) || Fe?+ (0.001) | Fe 


(Ecen = 0.323 V) at 25°C is 


(a) 0.352 V (b) — 0.323 V 
(c) 0.293 V (d) 3.23 V 


Given that £° (Zn?+, Zn) = —0.763 V and E° (Cu*+, Cu) = 0.337, the e.m.f. 
of the cell 


Zn | Zn% (a = 0.01) | Cu%+ (a = 0.025) | Cu 


0.059 0.01 

(a) = — 1.10 Aa log 0.25 
0.059 0.25 
(b) = 1.10 + =z los Toi 
0.059 0.25 
(c) = 1.10 — ae log 0.01 


0.01 
(d) = 1.10 — 0.059 log 535 


The e.m.f. of the concentration cell consisting of two zinc electrodes, one 
immersed in a solution of a = 0,02 and the other in a solution of a = 0.2 
concentration of its ions at 25°C, will be 

(a) 0.059 log 0.004 


(b) 0.0295 
(c) 0.059 (d) log 0.59 
The e.m.f. of the concentration cell with transference is 0.048 V and the 
e,m.f, of the cell without liquid junction is 0.059 V. The liquid junction 
potential is 
(a) — 0.011 V (b) 0.107 V 
(c) 0.011 V 


(d) — 0.107 V 
For an overall cell reaction of a fuel cell 


Ha(8) + 402(g) ——> H:0(2) 
at 400K, AH and AS have been found to be — 251.6 kJ and —50 J K-, 
respectively. The e.m.f. of the cell is 
(a) 12V (b) 2.4 V 
(c) 1.4 V (d) 2.8 V 
For the cell reaction 
Hg:Cl:(s) + He (1 atm) ——> 2Hg(1) + 2H* (a = 1) + 2Cl- (a = 1) 


E? = 0,268 V and (2) = — 3.2x10-4 V K -. The change in entropy of 

the cell reaction is j 

(a) — 61.76 J K-1 

(c) 62.028 J K-1 

For a cell reaction 
Zn(s) -+ Mg?+ (a = 0.1) $ Zn2+ (a = 1) 4Mg 

the e.m.f. has been found to be 0.2312 V. The standard e.m.f. of the cell is 


(b) — 30.88 J K-1 
d) —0.268 J K-1 


(a) 0.2903 (b) — 0.2312 

(c) 0.0231 (d) 0.2670 

For a cell reaction, the standard e.m.f. has been found to be 0.295 V at 
298K. The equilibrium constant is 

(a) 29.5 (b) 10 

(c) 1.0 x 10% (d) 0.1 


According to cell Conventions, oxidation occurs at the anode. 
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15.52 The potential for the same electrode, when acting as an anode, is of opposite 
sign to its potential when it acts as a cathode. 

15.53 Ina polarograph, the dropping mercury electrode acts as the anode. 

15.54 Concentration polarization takes place in the case of galvanic cells function- 
ing under irreversible conditions. 

1555 For pH determination, the quinhydrone electrode works satisfactorily only 
at high pH values. . 

1556 A positive value for the e.m.f. of the cell indicates a spontaneous process in 
the given direction. 

15.57 Incase of reversible electrode processes, an appreciable amount of current 
flows through the cell. 

15.58 ` The Nernst equation gives the relation between e.m.f. of the cell and free 
energy change. 

15.59 In concentration cells, electrical energy arises from the transfer of a sub- 
stance from a solution of higher activity to one of lower activity. 


1560 Ina cell under irreversible conditions, the potential of an electrode acting 
as cathode is less than its reversible value due to concentration polarization, 


Type D: Fill in the Blanks 


15.61 In an electrochemical cell, oxidation occurs at —————— while reduction 
occurs at —————-—. 

15.62 For a cell reaction to occur spontaneously in a given direction, the e.m.f, of 
the cell should be 


15.63 The equilibrium constant (K) for acell reaction is related to the e.m.f. as 
log K = ————-—. 


15.64 Over voltage is observed in case of cells working under 
conditions, 


15.65 The concentration dependence of the e.m.f, of a cell is given by —— 
equation. 


ANSWERS 


Numerical Problems p 

15,2 Zn(s) + HgsCla(s) = 2HgU) + Zn** + 2C1-; 0.763 V 15.3 (a) 1.0225 (b) 0:260 
(c) 0.904 15.4 Ł° is negative (— 0.824) and the reaction is nonspontaneous 
15.5 (a) spontaneous (b) spontaneous (c) nonspontaneous 15.6 Both (a) and (b) 
15.7 (a) 0.327 V (b) 0.971 15.8 (a) decreases by 0.0295 V (b) increases by 0.0295 V 
15.9 0,294, —28.4kJ. 15.10 (a) —189.5 kJ (b) —131.2 kJ 15.11 0.2814 
15.12 —103.45 kJ, 27.985 J, 111.79 kJ 15.13 —159.0 kJ, 7.4x10% 15.14 —0.816 V, 
78.718 kJ mol-? 15.15 1.345 15.16 2.43x10-° 15.17 —0.475 15.18 0.335 
15.19 1.175 V 15.20 0.1832 V 


Quiz Questions 

15.21 (@) 15.22 (b) 15.23 (b) 15.24 (c) 15.25 (b) 15.26 (a) 15.27 (b) 15.28 (d) 
15.29 (c) 15:30 (a) 15.31 (a) 15.32 (c) 15.33 (c) 15.34 (b) 15.35 (b) 15.36 (a) 
15.37 (d) 15.38 (a) 15.39 (d) 15:40 (c) 15.41 (a) 15.42 (a) 15.43 (c) 15.44 (b) 
15.45 (b) 15.46 (a) 15.47 (a) 15.48 (a) 15.49 (d) 15.50 (c) 15.51 True 
15.52 False 15.53 False 15.54 True 15.55 False 15.56 False 15.57 False 
15.58 False 15.59 True 15.60 False 15.61 Anode, cathode 15.62 +ve 
15.63 nFE/2.303 RT 15.64 irreversible 15.65 Nernst 


16 
Atomic Structure 


Dalton (1808) regarded the atom as an individual particle of an element, 
but it was found that even the atom is made up of subatomic particles. 


Many experimental observations and theoretical developments have led 
to the unfolding of atomic structure. 


16.1 FUNDAMENTAL PARTICLES CONSTITUTING ATOMS 


The three fundamental particles* of matter constituting all atoms are 


electrons, protons and neutrons. The mass and charge of these particles _ 
have been determined experimentally and are given below: 


Particle Mass Charge 
Proton Sees IE Se OS ee eal 
Ratio Canea ae be (one unit positive charge, +e) 


no charge 
(same as H atom) 


ST a a a ee 


16,2 RUTHERFORD’S NUCLEAR MODEL OF THE ATOM 


Rutherford and his co-workers studied the scattering of «-particles 
(He** ions) by thin metallic foils. The results of the scattering experi- 


ments led Rutherford to propose the nuclear model of the atom. 
According to this model: 


1. Anatom consists of an extremely small, dense Positively Charged 
part eglled the nucleus, which is present at the centre of the atom 
(size = 10™ m, density ~ 4X10" kg m of 108 times that 
of water). 


*These days, quarks are considered to be the ultimate particles, But, for the 
extra-nuclear structure, it is sufficient to consider the ato- tituted 


ih : e atom as constituted of elec- 
trons and a positively charged nucleus Consisting of protons and neutrons 
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2. The nucleus is surrounded by negatively charged electrons which 


revolve around the nucleus. 
3. Most of the space in the atom (between the nucleus and electrons) 


is empty. 


16.3 ATOMIC NUMBER AND MASS NUMBER 


The number of unit positive charges carried by the nucleus of an atom 
is called its atomic number (Z). The atomic number of an element is 
equal to the number of protons in the nucleus or the number of electrons 
in the extranuclear part in an atom. 


The sum of the neutrons and protons in an atom is known as the 
mass number (A). q 


16.4 NATURE AND CHARACTERISTICS OF RADIATION 


Visible light, ultraviolet light, infrared radiation, X-rays, etc. are 
different forms of radiation. Maxwell proposed that all forms of radia- 
tion propagate through space in the form of waves which have electric 
and magnetic fields associated with them. Hence, these are called 
electromagnetic radiations. 

Wave motion is characterised by the following quantities: 


Wavelength (A) 


The distance between two corresponding points (crests or troughs) on 
adjacent waves. It is expressed in m or A°(1A° = 107" m = 0.1 nm). 


Frequency (v) 3 
The number of waves which pass througha given point in one second ‘ 
E(expressed in s* or Hertz, Hz). 


CREST A CREST 
EST) 
f 


TROUGH j TROUGH 
FIG. 16.1 Wave motion 


Velocity (c) ` E 
The distance travelled by a wave in one second (expressed in m s~), 
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Amplitude-(a) 

The height of a crest or depth of a trough. 
Wave number (v) 


The number of wavelengths per centimetre, equal to the reciprocal of 
wavelength. Thus, 


v= + cm™ or kaysers 
The relationship between wavelength (A) and frequency (v) is 
AXv=c 
where c is the velocity of light (3 x 108 m s71) 


A characteristic feature of electroma 
of radiations travel in vacuum with the 


(16.1) 


gnetic radiation is that all types 
same speed as that of light. 


16.5 ELECTROMAGNETIC SPECTRA 


The arrangement of different t 
order of increasing wavelen 
electromagnetic spectra. 


ypes of electromagnetic radiations in the 
gths (or decreasing frequencies) is called-an 


This is shown in Fig. 16.2 (visible tegion shown separately). 


ab si Sb Pen eye -4 -2 Ke 4 6 
DURCH TON NOCMUCH oho” Sg a 4-1 GR nizig® 40 


Roa Xk ai & è 
d(nm)400 500 600 700 


FIG. 16.2 Electromagnetic spectrum 


EXAMPLE 16.1 (SI Units) The wavelength of blue light is 480 nm. 
Calculate the frequency and wave number of this light. 


Solution 
Frequency, yp = + 
¢=3 X 10° ms, A = 480 nm = 480 x 10° m 
w y = ome : 


oe 
480 x 10° m 
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= 6.25 X 10% s+ or 6.25 x 104 Hz 


= ies 1 
Wave number, » = > 480 xX 107 om 


= 2.08 X 104 cm = 2.08 X 10* kayser 


EXAMPLE 16.2 (SI Units) The frequency of a wave of light is 5x 10" s™. 
Calculate the wavelength and wave number associated with the light. 


Solution 
Wavelength, A= 5 
o— 3 X10 mst, w—"5 X 104s 
ye SLX 10° ms? 
5 X 1014 s71 
= 6 X 1077 m = 600 nm 


Wave number, v = + 


1 


pny OOM oen oy oes 


16.6 ATOMIC SPECTRA 


When white light is allowed to pass through a prism, it spreads into a 
series of colour bands called a spectrum. This is a continuous spectrum. 
However, the spectra of atoms are not continuous. When the gases or 
vapours of chemical substances are heated by an electric spark or ona 
bunsen flame, these decompose into atoms in excited states. When the 
light emitted from them is analysed with the help of a spectroscope, an 
emission spectra is obtained, which consists of a series of sharp well- 
defined lines, each corresponding to a definite wavelength. A spectrum 
of this type is referred to as line spectrum. The wavelengths of the 
various lines in a Jine spectrum are unique to each atom or ion and are 
different from those of others. 

On the other hand, when a continuous electromagnetic radiation is 
allowed to pass through an atomic system and the transmitted light is 
analysed, a spectrum is obtained in which dark lines are observed in an 
otherwise continuous spectrum. These dark lines indicate that radiations 
of corresponding wavelengths have been absorbed, by the substance, 
from white light. The spectrum obtained is called an absorption spectrum. 
It may be noted that, for an element in the atomic form, the dark lines 
appear at exactly the same places as the lines in the emission spectrum. 
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46.7 OLD GUANTUM THEORY 


The wave concept of light was found inadequate while trying to explain 


phenomena like the distribution of energy in black bodies and the 
photoelectric effect. 


Black Body Radiation 


An ideal black body is defined as a 
perfect absorber and emitter. 
When such a body js heated, it 
emits light, the colour of which 
changes from red to yellow and E 
finally white at very high tempe- 
tatures. It has a characteristic 


| 


distribution. At each temperature 
there is a wavelength at which the at al 
“intensity of radiation is maximum Na 
ean ae 8 te. s63 daca oy tnt te 
pis pe as a function of » 
Tature is increased, 


Photoclectric Effect 


mie phenomenon of ejection of electrons from metal surfaces when light 
of suitable frequency strikes it is called the photoelectric effect. The 
ejected electrons are called photo electrons. 

Experimental Studies under different conditions lead to the following 
Observations: 


1. For each metal, there is a characteristic threshold frequency (vo) 


at which incident light can eject electrons. Light of frequency Jess than 
vo cannot eject electrons, no matter how long it falls on the surface or 
how high its intensity is, 


2. The kinetic energy of emitted el 
quency (v > v) of t 


: he incident rad 
Intensity, 
3i 


ectons depends upon the fre- 
‘ation, and is independent of its 


The number of electrons ejected from the metal surface depends 
The failure of the Classical electromagnetic theory of radiation to 
explain the above phe 


nomenaled to the postulation of the quantum 
theory of radiation, 


16.8 PLANCK’S QUANTUM THEORY OF RADIATION 


The main postulates of Planck’s Quantum theory (1901) are: 
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1. Radiant energy is not emitted or absorbed continuously, but 
discontinuously in the form of small packets of energy called quanta. 
The quantum of light energy is called photon. 

2. The amount of energy associated with a quantum of radiation 
is proportional to the frequency of radiation, i.e. i 

cay or €= hv (16.2) 
where h is called Planck’s constant (h = 6.625 xX 10-27" ergs or 
6.625 x 1073% J s). 

3. A body can emit or absorb energy in terms of integral multiples 
of quantum, i.e. E = nhv where n = 1, 2,3,.... 

Planck solved the problem of black body radiation and Einstein (1905) 
Sucessfully used this concept to explain the photoelectric effect and the 
Specific heats of solids. 
| According to Einstein, when a photon of energy hv strikes a metal 
surface, some of its energy (W, called work function) is used up to 
Temove an electron from the metal and the remaining energy is imparted 
to the ejected electron as kinetic energy ($ mv). This gives 

hy = W+ $ mv? = hv + $ mo? (16.3) 

A certain minimum frequency (corresponding to the work function 
W = hv.) known as the threshold frequency is necessary to knock ays 
the electron from the metal. Further, the kinetic energy will increase 
with increase in the frequency of radiation. 


EXAMPLE 16.3 Calculate the energy of a photon of wave length 4500 A, 
Solution e= hv 
= he ( Spal ) 
À À 
A = 4500A = 4500 X 10-1? m, c = 3 X 10° m 52, 
h = 6.625 x 10-4 J 5 


_ (6.625 x 10784 Js) x (3 x 108 m s71) 
i (4500 X 107?° m) 


=4,42 X 107° J 


EXAMPLE 16.4 The threshold frequency for photoelectric dinissionagy 
electrons from platinum is 1.3 X 1075 s~?. 
(a) What is the minimum energy that photons of a particular sate: 
ation must possess in order to produce the photoelectric ah 
with platinum metal ? 
(b) Will a light of 400 nm eject electrons from platinum ? 
Solution (a) The minimum energy of photon required 
electrons 
e = hy 


h 6.625 xO T E vp 1.3 K Oy 


to eject 
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e = (6.625 X 107843 s) X (1.3 X 10 s1) 
= 8.61 X 10°°J 
(b) To eject electrons from platinum, the energy of the 
incident light must be equal to or greater than 
8.61 x 10°29 J. 
The energy of photon of light of wavelength 400 nm 
he 
À 
_ (6.625 x 10=+Js) X (3 X 10° ms) 
400 x 10° m 
= 497 KOT 
Since the energy of photon of light of wavelength 400 nm 


(4.97 X 10-4° J) is less than 8.61 x 10-19 J, ejection of electrons will not 
occur. í 


e= 


EXAMPLE 16.5 Calculate the velocity of electrons ejected from sodium 
metal surface when radiation of 300 nm falls on it. The threshold wave- 
length of sodium metal is 650 nm (mass of electron = 9.11 X 10-3! kg). 
Solutions 


hy = hvo + $m 


or $m = hv — hv 
on pe 2h (v — vo) 
m 
a O a ee aa 
ft Wim 9c00) 010m eos 10a 
2 Go SESE 3 
mca a a aaa a a EA 


m= 9.11 X 107" kg, h = 6,625 x 107% Js 
pt m 2X (6.625 x 10-84 J s) x (1.0—0.46) x 1015 s-1 
9.11 x 1078" kg 
= 7.854 x 108 


or v = 8.86 X 10° m s71 


EXAMPLE 16.6 When radiation of 375 nm was allowed to strike a 
metallic surface, a voltage of 0.76V was required to stop the ejection of 
electrons. Calculate 

(a) work function 

(b) threshold frequency 

(c) velocity of photoelectrons 


Solution When the photoelectric emission stops, the kinetic energy of 
ne ejected electrons becomes equal to the electrical work done Ve 
Ww 


here V is the external voltage and e is the electronic charge), i.e. 
K.E. = 4 mv? = Ve 
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e = 1.6 X 10°C, V = 0.76 V 

K.E. = (0.76 V) x (1.6 x 10 C) 
= 1.216 x 104 V C = 1.216 x 10793 (i) 

The energy of the photon striking the metallic surface 
he (6.625 x 107% J s) x (3.0 x. 108 m s~) 


e = hv = x G75 x 10° m) 22m 
=153 TX 107; 
According to Einstein’s relation, 
E = Eo + f m? (ii) 


(a) Work function, Eo = E — + mv? 
= 5.3 X 107? [216 107 
= 4.084 x 107° J 

or Ey = (4:084 x 10-1° J) x (6.25 x 1018 eV J=) 
=2.55eV [LJ = 6.25 x 10! ey] 


(b) Threshold frequency vo = oa 


_ 4.084 x 10719 J 


= 6.625 xno a OO OM g 


(c) From (i) 4m = 1.216 X 10I ` 4 
a _ 2X1.216 x 107 J 
oF v= oul x 10! kg 
= 267 X 10% 


¥ v= 5.17 X 10° ms 


16.9 THE BOHR THEORY OF THE HYDROGEN ATOM 


The basic postulates of Bohr’s theory (1913) are: 

1. An electron in an atom reyolyes around the nucleus Only in 
certain allowable circular orbits having -definite energies. These are 
numbered 1, 2, 3, 4, . . . or; alternatively, K, L, M, N; . . .„ etc. 

2. As longas the electron remains ina particular orbit, it does not 
lose or gain energy (stationary orbit). 

3. Energy is emitted or absorbed in discrete amounts by an atom 
only when the electron jumps from one orbit to another. 

4. The angular momentum of an electron revolving around the 
nucleus in an orbit is quantized, i.e. must be an integral multiple of h/27 


h 
myr = n Qn (16.4) 


On the basis. of his postulates, Bohr derived a mathematical expres- 
sion for the energy of an electron moving ina particular orbit of a 
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hydrogen atom. He imagined the hydrogen atom as a system consisting 
of a single electron of mass m and negative charge, —e revolving ina 


circular orbit. The energy of the electron in the nth orbit has been 
found to be 5 


ae ee 16.5) 
Ss nèh? (g: 
where p is the reduced mass of the system 


mM Ea 
m+ M m 


Hence, using m, ‘ 
| = 27? met 
E, Paap (16.6) 
Now, in case of hydrogen-like atoms (He*, Li?+, . . .) where Z is the 
nuclear’charge, relation (16.6) becomes i 
_ —2r? Z? met . 
E, = me (16.7) 


Similarly, Bohr derived the radius of orbit and the velocity of an 
electron in any orbit, 


neh? ` 
Se ee 8 
4r? me Z > < : Ne ) 
2r Z e 
EAEE 9, 
a nh 6,2) 
In e su units, the electrostatic force of attraction between the electron and 
nucleus is equal to e?/r?, butin SI units this force is given by (1/470) 
e*/r? where eo is a constant called the permitivity of the medium. Its 
numerical value is 8.8542 x 10722 C’N"'m~. Therefore, the relations 
for the energy, radius and velocity of electronin SI units becomes 
2m? m Ze f 1 N 
nh? Grey” 
> (4m2) n2h2 s 
no e aia SD 
Qn Z e - Roi boiimi 
MAA (16.12) 
Substituting the known values for various constants, we get 
atl Siw 10 
ja TAI erg per atom 


2.18 X 10718 
or = oi Ns per atom 


n= 


and v 


Er 


(16.10) 


13.63 
or E, = — “n2 €V per atom 


‘or E, = 


13.6 a 
“pe keal mol? = =ou kJ mol 
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According to Bohr’s model, an electron in a hydrogen atom can go 
from one energy level to another only in jumps. Asa result, an atom 
can absorb or emit energy equal to the difference in energies between 
the two energy levels. For example, if an electron comes back from an 
energy level of energy E: to an energy level of energy E, 


E,.— E, = hv 
E: — E 
or HE (16.13) 
DE ey esa 
me i FS h 
eee he 
or SENEE, (16.14) 


Thus, each transition will produce a light of definite wavelength. For 
example, in the hydrogen atom, when the electron jumps from energy 
levels higher than 7 = 1, i.e. n = 2, 3, 4, 5, . . .„ to the n = 1 energy 
level, the emitted light falls in the ultraviolet region. The lines obtained 
are called the Lyman series. Some prominent series observed for hydro- 
gen atoms are described below: 


Series Region Transition 

Lyman ultraviolet From n = 2, 3, 4, 5,... ton > 1 
Balmer visible From n = 3, 4,5,6,...ton=2 
Paschen infrared From n = 4, 5,6,7,...ton=3 
Brackett infrared From n = 5,6,7,8,...ton=4 
Pfund infrared Fromn=6,7,8,... ton=5 


16,10 FREQUENCY AND WAVE NUMBER OF EMITTED 
RADIATIONS 


The frequency (v) and wave number Œ) of the spectral line, when an 
electron jumps down from energy level 7a to 71, are obtained as 


V5 La? 
v = 3,289 x 10” [te = Baal s (16.15) 


= 1 1 1 2 
and P 109678.3 (= z7) cm™! (16.16) 
The above relations obtained from Bohr’s model were similar to one 
proposed by Ritz as 
a R (16.17) 
where R is Rydberg’s constant and is equal to 109714 cm-, 


EXAMPLE 16.7 Calculate, 
(a) the radii of the first and second Bohr orbits of hydrogen 
(b) the velocity of the electron in these two orbits 
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Solittion (a) Bohr’s radius is given by the relation 
nh? 
4n2me* 
m = 9.11 X 108g, h = 6.625 x 10-7 erg s 
e = 4.8 X 107% e.s.u. 
n? x (6.625 x 10-27)? 
"n = Fx (3.14F x OAL x 108) x (4.8 X 10) 
= 0.53 X 108 n? cm = 0.53 nA 
For the first orbit, n = 1 
rı = 0.53 X 12 = 0.53 À 
For the second orbit, n = 2 
rg = 0.53 X 22=2124 
(b) Velocity of the electron in an orbit is given by 
27e? 
nh 
Substituting values, we get 
yo = 2% 3.14 x (4.8 x 10-19)2 
3 n X (6.625 X 10727) 
_ 2.18 x 108 
Dae Are 
Now, for the first orbit, n = 1 
Yı = 2.18 X 108 cm s7 
For second orbit, n = 2 
n= 218 x 108 
2 


n 


m s™1 


= 1.09 X 108 cm s7! 


EXAMPLE 16.8 (SI Units) Calculate the energies of the first four Bohr 
orbits of the hydrogen atom. Calculate the frequencies of the light 


emitted when the electron jumps from the fourth orbit to the third, 
second and first respectively. 


(Permitivity = 8.85 x 10712 CŒNm?) 


Solution Energy ofan electron in the nth orbit of Bohr is given by 
PEES 2r°m Z2? e? ( 1 y 
4 nh? 4T Eo 
m = 9.11 X10kg, Z = 1, e = 1.602 x 10-1°C, 
h = 6.625 X 10-343 s 
Eo = 8.85 X 10 PCN m=, Z = 1 
fe 2 (3.14? 9-11 X10" kg) X (1? 1.602 x 107°C) 
“(6.625 X10 J's)? (43.14 8.85 x10-2ONom) 
_ —2.18* 10-18 J 
=e 


= =210X10" J x 6.022 x 1075 mol 
n2 
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__ 13.12) X 10? 

a ra 

For the first orbit, Fi 


kJ mol" 


i] 


—1312 kJ mol 


For the second orbit, Ea = ape = -—328 kJ mol 
: : =1312 y 
For the third orbit, E, = 3350 145.8 kJ mol 
—1312- 
For the fourth orbit, Ey = 1 = — 82 kJ mol 


When the electron jumps from a higher to a lower orbit, the energy 
given out 


AE = Ei — Er = hv 
or, frequency of light emitted 
En S E; 
h 
(i) When the electron jumps from the fourth orbit to the third 


vi 


y= => 


{— 82.0—(—145.8)] k J mol 
3.98 x 1071 kJ mols 
[h = 6.625 X 107% Js = 3.98 X 1071 kJ mol s] 

= 1.603 X 1014s? 
Gi) When the electron jumps from the fourth orbit to the second, 
ee lie eS (—328.0)] kJ mol 

= 3.98 X 107° kJ mol” s 

= 4.58 X 101 s71 
Gii) When the electron jumps from the fourth orbit to the first, 


[—328 — (—1312)] kJ mol™ 
3.98 X 107? kJ mols 


= 2.47 X 10st 


16.11 FAILURES OF OLD QUANTUM THEORY 


Bohr’s theory of atomic structure based upon the old quantum theory 
was quite successful in explaining the spectra of hydrogen and hydrogen- 
like atoms (He*, Li?*). However, it could not explain, the spectra of 
other multi-electron atoms and the intensity of the spectral lines. Although 
the theory was extended to include elliptical orbits, it could not go very 
far. Ultimately, it had to be abandoned as certain irrational assumptions 
had to be made to explain experimental observations. 
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16.12 DUAL NATURE OF MATTER AND LIGHT 


Louis de Broglie (1924) Suggested that material particles (such as elec- 
trons, protons, atoms and molecules) like light, exhibit a dual character 
(wave as well as particle). He showed that the wavelength associated 
with a particle is related to its momentum p by the relation 


yak (16.18) 
Pp 
For particles of mass m and velocity v (v < c), p =m, Hence, 
Nak (16.19) 
my 


It may be noted that the dual nat 
microscopic bodies only. For heay: 
ed waves are very small compared 


of macroscopic bodies is described by laws of classical mechanics. The 


he de Broglie wavelength associated with a 
ball weighing 150 g thrown With a velocity of 3 x 193 cm s™t, 
_ Solution 


h 


Aas 
my 
6.625 x 10-27 ergs, m 
(6.625 x 10-27 erg s) 
(150 g) x (3 x 10? cm s~}) 
= 1.47 X 10- om = 1.47 x 10-213 
EXAMPLE 16.10 (SI Unit 
electron accelerated thr 
Solution 


h 


i] 


= 150 g, v = 3 x 10° cm s71 


ee = 


s) Calculate the de Broglie wavelength of an 
ough a potential] difference of 1 x 104 V. 


Kinetic energy of electrons 
i.e. $} my? = ey 


Sper 
m 


v 
V=1xX10'V, e = 1.602 10-9, 


Pi @ X (1.602 x 107°C) x (1 x 10¢v) \} 
9.11 x 10°% kg 


= Potential energy gained by each electron 


or 


[CV = J = kg m? s?] 
= 593 x 107 ms 


Now, à= } 


my 


h = 6.625 x 10-“J s, m = 9.11 X 10-81 kg, 


m= 9.11 X 107% kg 
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= 5.93 X 107 mst 
ME- 6.625 X 10731 J s 

9.11 x 10kg X 5.93 X 107m s~! 
= 1.226 X 107! m = 0.0123 am 


< 


16.13 HEISENBERG’S UNCERTAINTY PRINCIPLE 


Heisenberg (1927) pointed out that it is impossible to measure simulta- 
neously both the position and velocity (or momentum) of a microscopic 
particle with atsolute accuracy or certainty. He showed that the pro- 
duct of uncertainties in the measurement of position (Ax) and momen- 
tum (Ap) is expressed mathematically by the relation: 
h 
Ax x Ap» 7; 


> (16.20) 

This means that if we wish to determine the position of an electron 
with great accuracy (decrease the maguitude of Ax), the corresponding 
uncertainty in momentum will be large, and vice versa. 

The value of his so small that the Heisenberg principle seems to be 
of little consequence for large bodies. 
EXAMPLE 16.11 The uncertainty in the momentum of a particle is found 
to be 2.5 X 10-45 gcm s71. With what accuracy can its position be 
d. termined? 
Solution According to Heisenberg’s uncertainty principle 

h 
~ Tr 
-Ap = 2.5 X 1078 g cms-1, h = 6.625 X 10? erg s 

h 
2m X Ap 

6.625 X 107 ergs 
2x 3.14 xX 2.5 X 107° g cms 
~ 4.22 X 107% cm [erg = g cm? s-?] 

Thus, uncertainty in position = 4.22 x 107? cm 
EXAmpre 16.12 (SI Units) Calculate the uncertainty in velocity of an 
electron when the uncertainty in position is 0.1 nm. 


Ax X Ap 


Ax ® 


R 


Solution 


h 
Ax X Ap ~ A 
Ax = 0.1 nm = 0.1 X 10° m = 1 X 10710 m 

6.625 X 10 J s 


AP = 3x 3.14 x (1x 100m) Ù = kg m?s] 
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1.055 x 107% kgm st 
Now Ap = mAy 
A 
or ‘Ay = =e 
1.055 x 10-24 kg m s71 
9.11 X 10 kg 
= 1.16 x 108 m s71 
Uncertainty in velocity = 1.16 x 10° 


ms 


16.14 THE SCHRÖDINGER WAVE EQUATION 


In the light of the uncertain 
Schrödinger proposed an e 


GRA CRT C 8222 he 
oe * oe + ar + Fe ny = 
2 
or vie + ETE (Eyy = 9 
2 2 2 
where Vv ==; 2 ++ ha 


Ixe t Gy az İS called the Laplacian operator. 
E is the total energy, V isthe Potential energy (V = — e?fr or —e?/4meor 
for hydrogen atom), % (Greek letter Psi) is called the wave function, 
e2 


gxr Tefers to the partical second derivative of y wrt xand H isthe reduced 


mass ( p= nra“ m ) for the system. 


The Schrödinger waye equation has 
for certain values of F’ 
values and the correspondi 
% must bea well-behaved 

i 


physically valid solutions only 
s (allowed energies). These are called eigen 
ng wave functions %’s are called eign functions. 
function and fulfil the following conditions: 
% must haye a finite value. 
2. 4) must be Single valued. 


3. y must be continuous, 


The importance of the Schrödinger wave equation lies in its validity 
and the agreement of calculated values with experimental facts for atomic 
and molecular systems. The Schrödinger wave equation, in fact, marked 
the beginning of a new era in tbe history of science. 
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16.15 PHYSICAL SIGNIFICANCE OF 4 AND y? 


y is a mathematical function and has no physical meaning by itself. But 
the square of the wave function, 4°, corresponds to the probability 
density at that point. Now, if dV is a finite volume (dx dy dz) then ¥?dV 
gives the probability of finding the system (in this case electron) in the 
volume dV tetween the coordinates x and x + dx, y and y + dy and z 
and z + dz. 


16.16 WAVE FUNCTIONS FOR HYDROGEN ATOM 


For the solution of the Schrödinger wave equation for the hydrogen 
atom, itis more convenient to transform the equation to polar coordi- 
nates, r, 0 and $ (which are related to the Cartesian coordinates x, y and 
z, as Shown in Fig. 16.4) as 


ĝ 
Hg On i z Oe ) 1 ay 
—— E Sadun Iaa —— — m -—"_ 
( ) + asino a OS | + asino ag? 


h2 

The wave function can be resolved into two factors and leads to the 

introduction of three quantum 

numbers (n, l and m) which are 
discussed later (Section 16.17). 


2 2 
peher) ymo (16.21) 


Radial Wave Function R(r) 


This gives the distribution of 
electrons, as a function of dis- 
tance (r) from the nucleus and 
depends upon two quantum 
numbers n and /. 


Vv 


x=rsin@cos} 
y=rsinQsin ġ 
z=rcos® 


Angular Wave Function [¥(0, #)] x 
It depends upon the angles 8 
and ¢ and is a function of quan- FIG. 16.4 
tum numbers / and m. 
The complete wave function is expressed as the product of radial and 
angular parts as 
Wr, 0, $) = R(r) YO, $) (16.22) 


This wave function represents an orbital. 


Orbital Approximation 


For a multielectron atom it may be considered as the electrons moving 
in their individual orbitals in the field of other electrons. This model is 
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called an orbital approximation, He 
represented by the product of orbital: 
quantum numbers n, /, m and s. 
represented by a Slater determina: 
different electrons. 


re, the total wave function can be 
S 4's. Each orbital depends on the 
More accurately the wave function is 
nt whose elements are 17's occupied by 


16.17 QUANTUM NUMBERS 


The solution of the Schrédinger waye equation gives rise to three quan- 
tum numbers, n, land m, Each electron in an atom is characterized 
by aset of definite values of these numbers. In addition to these, 


another quantum number s is also Needed, which Specifies the spin of 
the electron. The implications of the four quantum numbers are dis- 
cussed below. 


Principal Quantum Number (n) 


This quantum number determines the main en 
the electron is present. The 
nucleus, and the energy ass 
number values as 


To eA ee 


ergy level or shell in which 
average distance of the electron from the 
ociated, depend on n. It can have whole- 


Azimuthal or Angular Quantum Number (1) 


This quantum number denotes the sublevel or subshell in a given princi- 
pal energy level, This quantum number jg related to the angular 


momentum of the electron. In multielectron atoms, the energy, besides 
depending on n, also depends on /. Corresponding to each value of n 
there are n possible values of / 


LORIE e (n =a) 


These various subshells are called 5,P,d, f,.. 


. depending upon the 
value of / ‘ 


Value of / ORS Ziad 


Sublevel 5 


Magnetic Quantum Number (m) 


It refers to the different orientations of the orbitals in space. Fora given 
value of /, m can have (2/-4- 1) values as 


tamper 25. 0% ncn 4y A 


‘N 
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Spin Quantum Number 


This is designated by s and describes the spin oriestation of the electron. 
Since the electron can spin only in two ways—clockwise and anticlock- 
wise, s can have only two values: +} and —4, which are also expressed 
by arrows pointing up (+) and down (|), respectively. It determines 
the orientation of spin angular momentum. 


16.18 PROBABILITY DISTRIBUTION OF ELECTRONS IN 
AN ORBITAL 


There are various ways of depicting the probability distribution of elec- 
trons in an orbital. One of the simplest is to show the variation of 4, 
as a function of distance from the nucleus (r), for fixed 0 and $. Such 
a variation is known as radial dependance (Fig. 16.5). However, ¥ has 
negative values (Fig. 16.5b) and shows both maxima and minima. It is 
therefore preferable to plot | ¥? | asa function of r(drawn on the same 
figure). This gives the probability density of finding the electron at 
different points in space. 


(a) (b) 
FIG. 16.5 Plot of 4 and ? versus r for 1s and 2s orbital 


However, a more informative plot should give the total probability 
of finding the electron between r and r + dr instead of just at a point. 
he volume of such a shell of extremely small thickness, dr, is 4ar?dr, 
The function 47r?4? is called the radial distribution function and is plot- 
ted versus r (Fig 16.6). This takes into account’ y? and the volume of 
the shell. In the 1s orbital, it is zero at r = 0 (because volume of shell is 
Zero), keeps increasing gradually, and reaches a maximum value (called 
the most probable value) and then decreases. For the hydrogen atom, 
the maximum value occurs at 0.529A, which is the radius of the first 
orbit in Bohr’s model. 
The next higher orbital, 2s, has two maxima and a zero probability 
Tegion in between. 
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1s 2s 3s 
Ar = 
- kej ks] 
v [s 
g ai 
r— r— OC Sees 
/ 
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ž x § 
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r í 


FIG. 16.6 Radial probability distribution functions, 4rrty? 
(curves are not to the scale) 


16.19 SHAPES OF ORBITALS 


The shapes of orbitals depend on the quantum numbers I and m. 
s-orbitals 


s-orbitals are shown in Fig. 16.7. The important points regarding their 
shapes are: 

1. All s-orbitals are spherically symmetrical. 

2. The effective size of S-orbitals increases as n increases. 


3. Each orbital has regions of high electron density (shown as 
spherical sheils) equal to n. 


4. In between the spherical shells there are nodes (having zero 
Probability) equal to n — ile 


FIG. 16.7 Shapes of 1s and 2s orbitals 
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p-orbitals 

There are three p-orbitals, designated as Px, py and p,, which are oriented 
along the three mutually perpendicular axes x, y and z. Each orbital con- 
sists of two lobes symmetrical about a particular axis and has dumb 
bell shape. The two lobes are separated by a nodal plane. Higher 
p-otbitals have similar shapes except that they have additional smaller 
regions of high electron density (called lobes) separated from the major 
lobes by the nodal surface. The number of such regions is (n — 2) on 
each side. 


> z 
Z z y ` 
M v 
x x x 
2Py 2Py * 2Pz 


FIG. 16.8 Shapes of 2p-orbitals. 
d-orbitals 


There are five d-orbitals designated as d,,, dyz, dx, dys—y2 and d,s: These 
are shown in Fig. 16.9. 


z z Z 
Y Y. 
v 
X X 5 
d 
dy dyz > zx 


z 
At 


d52 
d,2-y2 2 


FIG. 16.9 Shapes of 3d-orbitals 
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f-orbitals 


There are seven f-orbitals designated as fx(x? — y°), fy(x? — x°), 


Ja — y) fxyz, f2*, fyz? and fxz*. Their shapes are complicated and 
are not discussed here. 


16.20 MULTI-ELECTRON ATOMS 


Solutions of the Schrédinger wave equation for multielectron atoms are 
difficult. Certain approximate methods have been developed which give 


fairly accurate solutions of this equation. With the help of such approxi- 
mations, energies of various orbitals are calculated. 


In the case of the hydrogen atom, the energy of an electron depends 
only on the principal quantum number n. However, in the case of 
multielectron atom, the energy of an electron depends on the quantum 


number nand L. For example, the three orbitals 3s, 3p and 3d (same 


n = 3 but different values of /) have the same energy in the hydrogen 
atom, but different energies in the case of multielectron atoms. In the 
latter case, electrons occupying the inner energy level tend to reduce the 
effect of nuclear charge onelectrons present in the outermost energy level. 
In other words, electrons present in’ the inner energy levels screen oT 
shield the outermost electrons from the nucleus (screening or shielding 
effect). This is different in different types of orbitals. Therefore, the 
orbitals s, p, d, f,. ..are screened differently and have different energies. 


1621 ELECTRONIC CONFIG URATIONS OF ATOMS 


The distribut'on of 


electrons in different orbitals is known as electronic 
configuration. The filling of orbitals is governed by the following rul’s. 


Aufbau Principle 


According to this principle, electrons enter the orbitals of lowest cnergy 
first and subsequent electrons are fed in the following order of energies 
(for multielectron atoms): 

1s, 2s, 2p, 35, 3p, 4s, 3d, 4p, Ss, 4d, Sp, 6s, 4f, 5d, 6p, Ts. 


Pauli’s Exclusion Principle 


According to this principie, an orbital cannot have more than two elec- 
trons. When two electrons occupy the same orbital, they must | ave 
Opposite spins. 

Hund’s Rule 


When electrons are added to a subshell where more than one orbital of 


the same energy is available, their spins remain parallel. They occupy 
different orbitals unless each orbital has one electron. 
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Based upon the above rules and sequence of energy levels, electron 
` configurations of various atoms can be written. 


H(Z=1) : Ist He(Z = 2) : Is? 
Li (Z = 3) : Is22st Be(Z = 4) : 1522s? 
B(Z = 5) : 1s2s2p} CZ = 6) : 1s%2s?2p) 2p) 


(Hund’s rule) 
N(Z = 7) : 1592s? 2p}2p; 2p, O(Z = 8) : 1s°2s22p2 2p; 2p; 


F(Z = 9) : 18%2s?2p2 2p, 2p; Ne(Z = 10): 1522s? 2p? 2p, 2p? 
Similarly from sodium (Z = 11) to argon (Z = 18). 
simplicity, a convention is used, e.g. for sodium: 
Na(Z = 11) : 15225°2p%3s2 or [Ne] 3st 
where [Ne] represents the inner core of neon (1s?2s?2p8). 
For potassium, the 4s orbital is filled first and then 3d, as: 
K(Z = 19) : [Ar] 452 Ca(Z = 20) : [Ar] 4s? 
From scandium onwards, the 3d subshell comes into use; 


k 3d 
Sc(Z = 21) : [Ar] 4s2 3d! or [Ar] 4s? AK Se 
Ti(Z = 22) : [Ar] 4s? 3d? or [Ar] COOW® z5? 


and so on. 


However, for 


However, it may be noted that there are two important irregularities 
in the general trend. The electronic configurations of chromium 
(Z= 24) and copper (Z = 29) are expected to, be 

Cr : [Ar] 4s23d* and Cu: [Ar] 45°3d 

However, the actual configurations are: 

Cr ; [Ar]4s'3d° and Cu: [Ar] 45134” 


J iti tributed to the fact that half-filled and com- 
e Eee eee d, d, f? and f™) possess extra stabi- 
lity, one of the 4s electron goes to the 3d orbital so that 3d orbitals get 
half-filled or completely filled configurations in Cr Si ri Seta 
ions of other atoms can be written in a similar 
fier en Gone us try eee (Z = 81). The noble gas 
Preceding atomic number 81, is Xe™4. The Mien. which follow this 
are 6s, 4f, 5d, 6p, ... (from energy saia us, 
TI(Z = 81) : [Xe] 65°4 f*5d-° 6p' 
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16.22 EFFECTIVE NUCLEAR CHARGE—SLATER RULES 


Due to screening by inner electrons, the outermost electron docs not feel 
the complete charge of the nucleus. The actual charge experienced by 
an electron is called the effective nuclear charge (Zett). This is re- 
presented as Zerr = Total nuclear charge (Z) — Screening constant (S). 


Slater proposed the following rules for determining the screening constant 
and effective nuclear charge. 


1. Electrons farther away from the nucleus than the electron under 
consideration do not contribute to the screening constant S. 


2. The electrons in the same group, ns, np, nd or nf, contribute 
S = 0.35 each (except 1s where 0.30 is used). 


3. Inthe case ns and np groups, all electrons in the (n — 1) shell 


contribute S = 0.85 each, and all electrons in the (n — 2) shell contri- 
bute S = 1 each. 


4. In the case of nd or nf orbitals, all electrons in lower groups con- 
tribute S = i each. 

These rules are illustrated below: 

(a) Potassium (Z = 19): 1 

The effective nuclear char 
Zet=Z—S=19 — 


S? 2s? 2p° 3s? 36 451 ; 
ge experienced by the 4s electron is 
[0.85 x (number of electrons in n = 3+1 


X (number of electrons in n < 3)] 
= 19 — [0.85 x 8 + 1 x 10] 
2 


> =E = 2: 

(b) Iron (Z = 26): 15? 252 2p8 352 3p8 3d® 452 

The effective nuclear charge experienced by 2d electrons is 
Zett = Z — S = 26 — [0.35 x (number of electrons in 3d) 


+ 1 (number of electrons in lower orbitals)] 
= 26 — [0.35 x 5 + 1 x 18] 


= 26 — 19.75 = 6.25 


16.23 ATOMIC TERM SYMBOLS AND RUSSEL-SAUNDERS 
COUPLING 


. Inanatom, an electron may have a spin angular momentum and an 
orbital angular momentum which may interact or couple to give a re 
sultant angular momentum. The resultant angular momentum and energy 
of the system is expressed in a term symbol, The term symbo! for 2 
particular atomic state is denoted as?S+1L; where S denotes the total 
spin quantum number and 25 + 1 gives the multiplicity of the state, L 15 
the total orbital angular quantum number and J gives the total angular 
quantum number. Like the symbols Ss oa forli Onl, Leos 
the different values of L are designated as L = 1 (S), L= 1 (P), L=2 (D): 
L= 3 (F), etc. These quantities are determined as given ahead. 


—— 
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(a) When two electrons interact with each other, the total spin S 
will be 

S=} + $, ort — 3, or—3 —Bie. 1,0 or — 1 

(b) When two electrons with azimuthal quantum number j;, and Z 
interact, L can have the values: 

L=h+hh+h—1,..., lih] 
where the modulus’'sign || indicates that the positive value, 

h — l or l — h, is to be taken. 

(c) The Land S values couple to give a series of J values for all 
electrons. 

JSD Seb 1 EASE Dp ES | 

This interaction is called Russell-Saunders coupling. 


Coupling 


(d) For a three-clectron system, Lis calculated by calculating Lı 
values for two electrons, which are then combined with the third value 
of / to get the resultant L values. S can also be determined as 

S=t+4+4.242 —2 ete ire. 3/2 and 3. 

(e) In general, multiplicity is 25 + 1, except when L < S. 

In this case only one value of J is obtained. 

It may be noted that L-S coupling is applicable for atoms of light 
atomic mass. For atoms of heavy mass, J-J coupling occurs. In 
this case the /, and s, of each electron is combined to give the j values, 
Individual j values interact to give the total J for the atom. 


EXAMPLE 16.13 Write the term symbols for boron (1s? 2s? 2p1) and 
carbon (1s? 2s? 2p?) atoms. 


Solution For closed and filled shells, L = Oand S= 0. TheZand S 
values will be determined by 2p electrons only. 
For this, / = 1, so that L = 1 
S = 7s0 that 25+ 1 =2 


T =L AS ode = Ih ea ho S| 
ES y 


TELL 
Term symbols for boron = 2Ps/2, 2P;/2 
For carbon : 1s? 2s? 2p? 
For both p electrons, / = 1,'so that 
L=1+1, 1+1-1, 1—1=2,1,0 
The corresponding symbols are D, P and S 
S=3+% or +—7,ice.1,0 
Spin multiplicity = 3, 1 
NowJ=L+S,L+S5—1,...,|L—S| 
ForL=2,S=1,J=2+1, Ziel l= 3 10. 1 
For L = 2, S=0, J=2 


For L = 1,5 = 1andJ=0 


2 


For L = 1, S= 0 and J = 1 


? 
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For L=0,S=landJ=1 
L=0,S =0andJ=0 
J can have values 3, 2, 1 or 0. 
Thus, term symbols are 
3D3, *Dz, DI Ds, *Po, Pi, 3S), 1S0 


MISCELLANEOUS EXAMPLES 


EXAMPLE 16.14 Inthe spectrum of the hydrogen atom, a spectral line 
corresponds to transition from a fifth orbit to the second orbit. 

(a) Calculate the frequency and wavelength of this radiation. 

(b) To which spectral series does this line belong and in what 
region of the electromagnetic spectrum will this line fall? 


(c) Calculate the highest frequency corresponding to this spectral 
series (Rydberg constant = 3.289 x 101% s571), 


Solution (a) The frequency of the spectral line emitted in the case of 
the hydrogen atom when an electron jumps from n 


tom levelis given 
by 
1 
ee (+ ze ay ) = 3.289 A 10 (1 iit +.) ui 
ni n n n 


= 3.289 x (g-i) 
ree ONE z5 


= 6.9 X 1014 sı 
Now, wavelength A = = where c = 3 x 108m s71 
— 3X 10 ms £ 
= 69 x lol s-i 7 4-348 x 1077 m 
= 4348 Å 


(b) The line corresponds to the jump fromn = 5 to n = 2. 
It belongs to the Balmer series and will fall in the visible region. 

(c) The line having 
highest energy. Thus, 
na = © ton, = 2 


the highest frequency will correspond to the 
the transition will be from the highest level, 


1 1 
v = 3.289 x 1 (4 = a) 


15 
= 2283 x 0 = $8.22 x 1014 ş71 


EXAMPLE 16.15 Calculate the frequeacies and wavelengths of spectral 
lines emitted in the case of the hydrogen atom or He* ion when an 


electron in each case jumps from the thitd to the first orbit (Rydberg 
Constant = 3.29 x 101 s71), 
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Solution The frequency of the spectral line in the case of the H atom 


v = 3.29 x 108 (4 =) 


m= l, m= 


v = 3.29 x 108 (7 aa) 


it 3 
= 2.92 X 1015 s71 


Now, wavelength A = £ 
y 


OREXA OMS S 
= 2.92 X 10715 st 


= 1.027 x 107” m = 1027 Å 


In case of Het, 


and wavelength A = — 


v = 3.29 x 10% Z? (+- 1) 


Z=2,n=1, ™% =3 


v = 3,29 x 108 x (2)? G jie x) 


32 
= 11.70 X 101 s71 
e 
y 
3x10 ms 


~ 11.70 X 10% s“ 
= 2.56 X 10-8 m = 256A 


QUESTIONS 


Numerical Problems 


16.1 


16.2 


16.3 


16.4 


16.5 


(SI Units) Calculate the frequency and the energy of a photon associated 
with light of wavelength 450 nni. ji 


(SI Units) Calculate the wavelength and wave number associated with a 
radiation having frequency 2 x 10!? s-1, 

Which of the following radiations has the highest energy 
(a) Radiation of frequency = 3 x 101 s-1 

(b) Radiation of wavelength = 400 nm , 

(c) Radiation’of wave number = 2.8 x 10° cm- 

(SI Units) The energy difference between two electronic states of hydrogen 
atom is 207.9 kJ mol-1. Calculate the frequency and wavelength of ee 
emitted when an electron drops from higher energy level to lowe 5 
level ( h= 3.98 x 10-1 KJ s mol-1). 

The threshold energy for photoelectric emission of electrons froma 

is 3.124 x 10-1°J, If light of 450 nm wavelength is used, will the el bal: 
be ejected or not? j €ctrons 


T energy 
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16.6 


16.7 


16.8 
16.9 


16.10 


16.11 
16.12 


16.13 


16.14 


16.15 
16.16 
16.17 


16.18 


16.19 


16.20 


If light with wavelength 400 nm falls on the surface of sodium metal, 
electrons with velocity’5.41 x 10% m s-! are ejected. 
(a) Calculate the minimum frequency and the corresponding wavelength of 

light required to eject an electron from sodium metal. 
(b) What is the value of work function in eV ? 

(1 J = 6.25 x 10 eV) 

The threshold frequency for photoelectric - emission of cesium is 
4.55x 1014 s-1. Calculate the kinetic energy in (a) J (b) eV of a photoelec- 
tron produced in cesium by light of wavelength 400 nm, 
Calculate the radius and velocity of the electron in the third Bohr orbit for 
hydrogen atom and Het. 
Calculate the frequency and wavelength associated with the transition from 
n = 4 to n = 1 level in hydrogen atom. 
Find out the electronic state from which an electron jumps to emit rediation 
with wavelength 1212 A and gives a line in the Lyman series of the hydrogen 
spectrum (Rydberg constant = 109678 cm-1). 
Calculate the frequency of the first and limiting line in the Balmer series. 


An electromagnetic radiation of wavelength 245 nm is just sufficient to ionise 


the outermost electron of the sodium atom. Calculate the ionisation energy 
of sodium atom. 


Calculate 

(a) the radius of the fourth Bohr orbit of hydrogen atom 

(b) the energy of the electron in this orbit 

Calculate the wavelength and frequencies of spectral lines emitted in case of 
the hydrogen atom and He+ ion, when the Solitary electron jumps from the 
second to the first orbit in each case. 


(SI Units) Calculate the wavelength of a proton (mass = 1.673 x 10-2”) when 
it is accelerated through a potential difference of 2x 10¢ V, 
(SI Units) A particle associated with 


with a velocity of 1x 10° m s-2, Calculate the mass of the particle. 


Calculate the uncertainty in position of an electron when its momentum is to 
be measured with an accuracy of 1%. 


a wavelength of 6.6 nm is moving 


The uncertainties in velocity and Position of a particle are 1.17 101° cm s7? 


o 

and 1x10-* A, respectively. Calculate the minimum mass of the particle. 
The ground state electronic Configuration of potassium may be (a) 1s? 2s? 
2p° 3s* 3p° 4s! or (b) 1s? 2s? 2p° 352 3ps 3d!. Calculate the effective nuclear 
charge felt by the 4s electron in configuration (a) and 3d electron in confi- 
guration b). Which configuration is correct. 


Calculate the effective nuclear charge ona 3d and a 4s electron in vana- 
dium: 15? 252 2p° 3s? 3p° 3d? 452, 


QUIZ QUESTIONS 


Type A: Multiple Choice 


16.21 


16.22 


Which of the following statements is wrong regarding cathode rays ? 

(a) The rays produce a mechanical effect, 

(b) The charge/mass ratio is independent of the nature of the gas taken in 
the discharge tube. 

(c) The charge/mass ratio for these Tays is considerably smaller than for 
positive rays. 

(d) The rays carry a negative charge. 

Rutherford observed that only a few (about one in a million) a-particles were 


deflected back on bombarding a piece of gold foil. Most of the a-particles 
which were not deflected back i 


16.23 


16.24 


16.25 


16.26 


16.27 


16.28 


16.29 


16.30 
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(a) caused the gold to become radioactive 


(b) were absorbed by the gold foil 


(c) passed through the extranuclear part of the atom 
(d) were neutralised by the negatiye electrons 


Which of the following statements is not correct with regard to Rutherford’s 


ruclear model of an atom? 


(a) An atom consists of a nucleus surrounded by electrons reyolying 


around it 


(b) The nucleus is extremely small as compared to the atom 
(c) The number of protons and neutrons in the nucleus of an atom are 


always equal 


(d) Most of the atom is empty space. 


Which of the following relations between waye number (Y), frequency (v) and 


speed (c) is correct? 


1 
(a) Vo 


(c) v=exy 


(b) ch =y 


(d) v=vxe 


Which is the correct order of wave number of the following radiations: 
infrared, ultraviolet, radio waves, x-rays and visible light. 
(a) x-rays > ultraviolet > infrared > visible > radio waves 


(b) x-rays > ultraviolet > visible 


> infrared > radio waves 


(c) radio waves > infrared > visible > ultraviolet > X-rays 
(d) x-rays > radio waves > visible > ultraviolet > infrared 


Which of the following statements is not correct regarding the electromagne- 


tic spectra ? 


(a) Cosmic rays have shorter wavelengths than radio waves. 

(b) X-rays have smaller wave number than cosmic rays. 

(c) The velocity of x-rays is more than that of microwaves. 

(d) The frequency of microwaves is less than that of ultraviolet rays. 


According to Bohr’s model of an atom, the electrons rotate around the 


nucleus in 
(a) orbitals 
(c) orbits 


(b) subshells 
(d) charge clouds 


Which of the following observations is false about the photoelectric effect: 
(a) The kinetic energy of photoelectrons depends upon the frequency of the 


incident radiation 


(b) The number of photoelectrons ejected from the metal surface depends 
upon the intensity of the incident radiation 

(c) The threshold frequency is the same for all metals 

(d) The kinetic energy of ejected electrons is independent of the intensity 


of radiation. 


The correct expression derived by Bohr for the energy of an electronin the 
nth energy level of hydrogen, is (esu)” 


272 met 

@ Ens 
27? me? 
Oe — aR 


273 met 
Oe ae 
27? met 

(d) ‘En = — nk? 


Which of the following transitions of electrons in the hydrogen atom wi} 


emit maximum energy ? 

Ns —> Ng My > Ns; Ms —> Ma 
(a) ms >m 
(c) ms > te 


(b) my > ns 
(d) same in all transitions 


— ua 
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16.31 The radius of the nth Bohr orbit is given by 


272 met nèh? 
(a) “ht ©) 4r? me? 
nh 27er 
() 27e? (G) nh 
16.32 The radii of different Bohr orbits (n) can be obtained from the relation 
(a) 0.53 n? nm (b) 0.053 n? nm 
(c) oo om (d) 0.53 n nm 


16.33 If» is the threshold wavelen, 
of light falling on the surfac: 
the velocity of the ejected el 


(a) [= (Qo — 2) Ik 


gth for photoelectric emission, à the wavelength 


e of a metal and m the mass of an electron, then, 
ectron is given by 


o Asay 


o [AG] 


m» A 

16.34 The spectral line Obtained when an electron jumps from n = 6 ton = 
belongs to the 
(a) Balmer series (b) Lyman series 
(c) Paschen series 


(d) Pfund series 
16.35 The wave character of an electron 


was experimentally verified by 
(a) Einstein (b) de Broglie 
(c) Germer (d) Planck 
The de Broglie relationship can be expressed as 
a h 
el Eee 


16.36 


v h 
(c) Am = T (d) L 
16.37 _ Heisenberg’s uncertainty Principle precludes the exact simultaneous measure | 
za: ı,, Ment of s 


(a) charge density and probability 
(b) position ana momentum 
(c) position and direction ie | 
(d) velocity and energy 

16.38. The.correct Schrédin 
V,i 


ger wave equation for an electron 
, in three dimension 


s is (where the symbols have their u: 
Pies ga ate | at 8rt 
0) oe prt i + Se ny So | 
ay ay ar 2 
(b) peat age + Oy Sem Vy =0 
ay oy y | 8x2 m 
O axe t ape t gat tt E— Ny <0 
ay OY 8% Brè m 
art rt thy “a (E+) ¥=0 
1639 Which of the following conditions is incorrect for well-behayed wave 
function (4)? 


, in a potential field 
sual meanings) 


16.40 


16.41 


16.42 


16.43 


16.44 


16.45 


16.<6 


16.47 


16.48 


16.50 


16.52 
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(a) y must be finite. 

(b) 4 must be single valued at any particular Point, 

(c) w must be positive. 

(d) 4 must be a continuous function of its coordinates. 


The first main energy shell that can haye f orbitals is the 
(a) first (b) second 

(c) third (d) fourth 

For n = 3, which value of / is not possible ? 

(a) 0 (b) 1 

(c) 2 (d) 3 

For each value of /, the number of m values are 

(a) 20 (b) n? 

(c) (21+ 1) (d) (n +1) 

The maximum number of electrons in first energy level are 
(a) 1 (b) 2 

(c) 8 (d) 18 

For | = 3, which value of m is not possible ? 

(a) 0 (b) —3 

(c) 4 (a) —1 

The possible sublevels in the n = 4 energy level are 

(a) sp, d (b) s,p,d,f 

(c) s (d) s,p,d,f, g 

If the prinċipal quantum number n= 4, the quantum number / can have 
the values 

(a) 1,2,3 and 4 (b) 0, 1,2and3 

(c) 1,2 and 3 only (d) 0, +1, +2and+3 
The designation of an orbital with n = 4 and I = 1 is 

(a) 4s (b) 4p 

(c) 4d (d) 4f 


The maximum number of electrons in the third main energy level, 2p, orbital 
and 3d subshell are 


(a) 9,6,10 (b) 18,6, 10 
(c) 9,2,5 (d) 18, 2, 10 
Which of the following orbitals does not make sense ? 
(a) 6f (b) 7s 

(c) 2d (d) 5g 


Which of the following sets of quantum numbers is possible for an electron 
in a 4f orbital ? 

(a) n=41l=3m=4s=+4+ 3 

(b) n=41l=4m=+4s=+4+ 4 

(Cc) n=41=3m=+1s=—} 

(d) n= 4]/=2m=2s=+4+4 

The maximum number of 4f electrons having spin quantu 
s= — fare 

(a) 14 

(b) 7 

(c) only one 

(d) any number from 1 to 14 

The maximum number of electrons in the S, p, dand f subshells ake 
(a) 2ineach (b) 2,6, 10,14 

(© 2,6, 8, 10 (ones, 9 


m nnmber 
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16.53 


16.54 


16.55 


16.56 


16.57 


16.58 


16.59 


16.60 


Which of the following sets of quantum numbers is possible ? 
(a) n=41=3m=—3s=0 

(b) n=41=0m=0 s=+} 

(c) n=41=4m=—4s=-—} 


(d) n=41=0m=42s=-} 


The number of orbitals in n = 4 are 

(a) 2 (b) 8 

(c) 16 (d) 32 

The maximum number of electrons in an atom with / = 2 and n = 3 is 

(a) 2 (b) 6 

(c) 10 (d) 12 

The total number of maxima in the radial probability distribution curve 


of 4d are 
(a) two (b) three 

(c) four (d) six ` 

The orbitals 3s, 3p, 5s, 6s, 4p and 4f can be arranged in the following order 
of increasing energy for the hydrogen atom 

(a) 3s < 3p < 4p < 4f < 5s < 6s 

(b) 3s < 3p < 4p < 5s < 4f < 6s 

(c) 3s = 3p < 4p = 5s < 4f < 6s 

(d) 3s = 3p < 4p = 4f < 5s < 6s 

The electronic configuration of chromium (Z = 24) in the ground state is 

(a) [Ar] 4s? 3dt (b) [Ar] 3d° 

(c) [Ar] 4s1 3d5 (d) [Ar] 4s? 3d® 

Which is the correct configuration of Fe?+ (Z = 26) ? 

(a) [Ar] 4s? 3d6 (b) [Ar] 3d5 

(c) [Ar] 4s? 3d? (d) [Ar] 4s? 3d! 

Which of the following term symbols is not correct for a state corresponding 
toL=2,S=1? : 

(a) 3P, 


(b) 3D; 
(c) 3D: 


(d) 3D, 


Type B: Multiple Choice (Numerical Problems) 


16.61 


16.62 


16.63 


16.64 


16.65 


The frequency of a wave is 90 x 10° Hz. Its wavelength is equal to 

(a) 3 x 10-5 m (b) 3.3 x 102m 

(c) 3.3m (d) 3 x 10-?m 

The wavelength of green light is 500 nm. Its frequency is equal to 

(a) 6 x 104 Hz (b) 6 Hz 

(c) 1.5 x 102 Hz (d) 1.5 Hz 

The wavelength of blue light is 4000 A. Its frequency and wave number are 
(a) 7.50 x 1014 s-1 and-2.5 x 10-4 cm-1 

(b) 15 x 101 s-1 and 2.5 x 10-8 m-1 

(c) 7.50 x 10!4 s-1 and 2.5 x 10° m-! 

(d) 7.50 x 10-14 s-i and 2.5 x 104 cm-t 

The wavelength of the light emitted by a certain source is 500 nm. The wave 
number of this light is 

(a) 5x 10-7 m 

(b) 2 x 10°m 

(c) 0.2 x 10° m 

(d) 2 x 108m 


The energy of the photon of wavelength 4500, Á is 
(a) 4.4 x 10-193 


16 66 


16 67 


16.68 


16.69 


16.70 


16 71 


16.72 
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(b) 4.4 x 10-295 


Ac) 4.4 x i0- 


(d) 0.4 x 10-8J 

An atom emits energy equal to 4 x 10-1? erg. In which part of the electro- 
magnetic spectrum does the corresponding line lie ? 

(a) ultraviolet region 

(b) infrared region 

(c) visible region 

(d) microwave region 


The threshhold frequency fora metalis 4 x 1014 s-1. The minimum energy 
which the photons must possess to produce a photoelectric effect with the 
metal is (h = 6.6 x 10-34 J) 

(a) 3.06 x 10-2 J 

(b) 1.4 x 10-8 J 

(c) 3.4 x 10-7» J 

(d) 2.64 x 10719 J 


An atom absorbs 3.0 x 10-19 J of energy. In the spectrum of this atom, 


where would there be a missing wavclength corresponding to this energy? 
(a) 6.6 x 10-?m 


(b) 2.21 x 10-15 m 
(c) 6600m 
(d) 2.21 x 10-5 m 


The frequency of light emitted when an electron jumps from a higher energy 
level na to the lower energy level n, is 


irks, 0 
v = 3.29 x 10% (——-——) 
ny ny 


The limiting line in the Balmer series will have a frequency equal to 
(a) 3.29% 01018 s73 

(b) —3.65 x 10! s-1 

(c) —8 22 x 10:4 5-1 

(d) 8:22 x 101 s-t 


The energy of the second Bohr orbit of the hydrogen atom is —3.41 eV. The 
energy of the second Bohr orbit of the Het ion will be 
(a) —6.82 eV (b) —13.62 eV 
(c) —1.70 eV (d) —0.85 eV 
The energy of the nth Bohr orbit of the hydrogen atom is given by the rela- 
tion 
2.18 x 10-185 
= SSS 
The frequency of the light emitted when an electron jumps from the third to 
the first orbit is (A = 6.6 x 10-**J s) 
(a) 1.65 x 1015571 
(b) 165 x 10 s~* 
(CS 1017371 
(d) 1.65 x 101° s~? 
The threshold wavelength for the ejection of electron from metal ¥ is 
330nm. The work function for photoelectric emission from metal ¥ is 
(h = 6.6 x 10-343 s) 
(a) 1.2 x 10-18 J 
(b) 1.2 x 10-205 


En = 
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te) 6 x 10-1 J 

(d) 6 x 10-23 ' a3 
16.73 The de Broglie wavelength of an electron is 66 nm. The velocity of the 

tron is (h = 6.6 x 10-3 J s, mass of electron = 9 x 10-31 kg)? 

(a) 1.1 x 103m 5-2 

(b) 1.1 x 10¢ m 5-2 

(c) 5.4 x 10®m s-1 

(d) 1.84 x 10-¢m 5-1 


16.74 The uncertainty in the Momentum of an electron is 1 x 10-° kg m s-1, The 
uncertainty in position will be (h = 6.63 x 10-3 kg m? s-1) 
(a) 1.05 x 10-33 m 
(b) 2.1 x 10-235 m 
(c) 1.05 x 10-27 m 
(d) 1.05 x 10-25 m 

16.75 The effective nuclear charge experienced by a 4d electron of Y, haying elec- 
tronic configuration [Kr] 5s? 41, is 


@) 1.00 (b) 3.30 
(c) 4.65 (d) 3.45 


Type €: True or False 
16.76 The electron spin quantum 


16.77 If the value of / = 0, the or 
16.78 The maximum number of 


16.79 The orbitals represented 


16.80 All photons possess i 
16.81 The wave function ( ability of finding the electren in space. 
16.82 The Probability of finding the electron 


16.83 An electron has a 
velocity, 

16.84 The energy ofa Photon is directly Proportional to wavelength but inversely 
Proportional to waye number, 

16.85 The frequency of radio waves is Smaller than that of x-rays. 

16.86 Bohr’s quantum condition is that the an 


integral multiple of x/h. 
16.87 According tothe u 


16.88 The Wave characte: 
16.89 The radial part of 
16.90 Inthe Photoelectric effect, the kinetic energy of e 


jected electrons increases 
With increase in wavelength of radiation. 

Type D: Fill in the Blanks 

16.91 i j 


16.92 The number of electrons having J] = 
16.93 The Wavelength of x 
16.94 
16.95 The number of nodes 
16.96 For; = 2, the differe 


in ———___ region. 
in 4s orbital is ——_____ F 
nt values of m are ———— 
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16.97 For m = 0, the different values of s are —————— , 

16.98 Emission of electrons from certain metals, when exposed to light, is known 
as ————— effect. 

16.99 If an electron orbital has a shape designated by / = 2, there are ————_—___ 
possible orientations of this orbital in space. 

16.100 Discrete quantities of energy of light radiations are called —————— 


ANSWERS 


Numerical Problems 


16.1 (a) 0.75 x 10'5 (b) 4.97 x 10-1 J 16.2 1.5 x 10-4m, 6.67 x 103 m-! 16.3 
(a) 1.98 x 10-38 J (b) 4.96 x 10-29 J (c) 5.56 x 10-193 16.4 574.7nm J6.5 elec- 
trons will be ejected 16.6 (a) 5.49 x 10% s-1, 546.4nm (b). 2.27cV 16.7 
1.95 x 10-19 J, 1.21eV 76.8 4.77 A, 7.26 x 107 cms-1 16.9 97.4nm 16,10 2 
16.11 4,57 x 10, 8.225x10" 16, 12 5.36 eV 16 13 (a) 8.48 A (b) —82.0 kJ mol-* 
16.14 1219 A, 2.46 x 10%; 304.8 A, 9.84 x 105 16.15 2.03 x 10-74m 16.16 
1,004 x 10-1 kg 16.17 1.05 x 10-*cm 16.18 9,01 x 10-33 g 16.19 2.20, 1.0; 
(a) is correct 16,20 4.30, 3.30. 


Quiz Questions 


16.21 (c) 16,22 (c) 16.23 (c) 16.24 (c) 16.25 (b) 16.26 (c) 16.27 (c) 16.28 (c) 
16.29 (d) 16.30 (c) 16.31 (b) 16,32 (b) 16.33 (c) 16.34 (a) 16.35 (c) 16.36 (d) 
16.37 (b) 16.38 (c) 16.39 (c) 16.40 (d) 16.41 (d) 16.42 (c) 16.43 (b) 16.44 (c) 
1645 (b) 16.46 (c) 16.47 (a) 16.48 (d) 16.49 (c) 16.50 (c) 16.51 (c) 16.52 (b) 
16.53 (b) 16.54 (c) 16.55 (c) 16.56 (a) 16.57 (d) 16.58 (c) 16.59 (b) 16.60 (a) 
16.61 (b) 16.62 (a) 16.63 (c) 16.54 (b) 16.65 (a) 1666 (c) 1667 (d) 16.68 (a) 
16.69 (d) 16.70 (b) 16.71 (a) 16.72 (c) 16.73(b) 16.74 (d) 16.75 (a) 16.76 
False 1677 True 16.78 False: One ‘only 16.79 True 16.80 False: Energy of 
photon depends on frequency, E = hy 16.81 False: 4% gives amplitude of the elec- 
tron wave 16.82 False 16.83 False 16.84 False: Directly proportional to wave 
number and inversely proportional to wavelength (E = hy = he/X = hev 16.85 True 
16.86 False 16.87 True 16,88 False 16.89 False 16.90 False 1691 third 
16.92 six 16.93 10 16.94 ultraviolet 16.95 three 16.96 +2, +1, 0 =,= 
16.97 +1/2, —1/2 16.98 Photoelectric effect 16.99 five 16.100 photons 


17 
Chemical Bonding 


Atoms combine with one ancther 


in different Ways and form a large 
variety of molecules. The attrac 


tive force which holds together the 
is known as a chemical bond. The 


17.1 CAUSE OF CHEMICAL COMBINATION 


This teadency of atoms to attain 
rons in the valence shell was known as the 


However, this rule could not be made universal because of 


on of compounds like PF, SF; BCls where the central atom 


in the valence shell. Moreover, 


the formati 


According 1o the m 
bonds because it leads 
hydrogen atoms appro. 


Magnitude of the 
attractiy, » is more than the 
l energy decreases as the two 

Eventually, a state is reached (correspond- 
ing to a distance of 0.74 A, called bond length) where the attractive 
forces balance the 


repulsive forces. At th’s stage, the potential 
energy of the System is mini 


forces, in th 


Tepulsive forces and, therefore, potentia 
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bonded to form a stable molecule. In case the repulsive forces dominate 
over the attractive forces, as when two kelium atoms approach each 
other, the energy of the system increases and leads to instability. 
Consequently, a bond is not formed. : 


17.2 TYPES OF BONDS 


Chemical bonds may be classified as 

(a) ionic bonds 

(b) covalent bonds 

(c) metallic bonds 
In addition, attractive interactions tetwcen atoms of Ciffe,ent mole- 
cules can give rise to weak bonds of the following types: 

(d) hydrogen bond 

(e) Van der Waal’s interactions. 


17.3 IONIC BOND 


An ionic bond is formed by the complete transference of one or more 
valence electrons of one atom ‘to the valence shell of the other. The 
oppositely charged ions thus formed are mainly held together by electro- 
static forces of attraction. Because of the’ electrostatic nature of the 
binding force, the bond is also known as an electrovalent bond For 
example, the formation of sodium chloride takes place by the transference 
of one electron from the sodium to the chlorine atom, forming Na*Cl-, 


Na + elk ——— Nat [ or Na*Ci- 


17.4 LATTICE ENERGY OF IONIC CRYSTALS 


The stability of ionic crystals is determined in terms of their Jattice 
energy. This is defined as the amount of energy released when one 
mole of the ionic crystal is formed from its constituent ions in the 
gaseous phase, 
M*(g) + X(g) ——+ MX(s); AU = Lattice energy 
è 1 = —AMiattice (17.1) 
The Born-Lande expression for lattice energy is 
Na AZ Ze? 1 
AUViattice = Sle sae ( 1— a ) (17 2) 
where Z, and Z- are the charges of positive and ne 
by distance ro, e is the electronic ch 
the Madelung constant and nis kn 


2 gative ions separated 
arge, Na is Avogadro’s number, A is 
own as the Born exponent. The value 
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of A depends only on the geometry of the crystal, n can be calculated 
from compress bility data and generally lies between 7 and 9, 


17.5 BORN-HABER CYCLE 


Born and Hater (1919) proposed a cycle, known as the Born-Haber 
cycle, to relate the lattice energy of an ionic compound to other 
thermochemical data. For example, for the formation of NaCl, the 
various steps may be represented as: 
Na(s)+2 Cl.(g) ——— NaCi(s) 
(1) Conversion of metallic sodium into gaseous sodium atoms 
Na(s) ——~ Na(g) AUsub = Sublimation energy 
(2)_ Dissociation of chlorine molecules into chlorine atoms 
2 Clo(g) ——— Cl(g) + AUp = Dissociation energy 
(3) Conversion of gaseous sodium atoms into sodium ions 
Na(g) ———> Na*(g)+-e-(g) AU = Ionisation energy 
(4) Conversion of gaseous chlorine atoms into gaseous chloride ions 
Cl(g) +e“ ——— Ci-(g) AUEa = Electron affinity 
(5) Formation of sodium chloride crystal lattice. The energy change in 
the process is the negative of the lattice energy. 
Na*(g)+Cl-(g) ——-5 NaCl(s) AUtattice = Lattice energy 
The overall energy change (AU) may be expressed as 
AU; = AUsu»+4AUp + AUiE+AUEA + ANattice 
Substituting the various values 


, lattice energy can be calculated. The 
Born-Haber cycle may also be rep 


Tesented as 

AU sur AUE 

Na(s) ————> Na(g) ———— Na+ (g) } 
łAUp AUE, k= 

4Clo(g) —~—- Cl(g) —_—_, c-e) J 


AU; 
Ear aa NaCl (6) —— 
Similar cycles ca 
dynamic Property. 


AU iattice 


n be constructed for enthalpy or any other thermo- 


data; 117! Calculate the lattice energy of KCI from. the following 
ata: 7 
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may be represented by Born-Haber cycle as 


Ad, KCI (s 
KO+icO => © 
| AHsub | 4AHD 
K ® Cl (g) AHnattice 
| AHe | AHEa 
a 4 
K* (g) + Cl- (g) 
See A 
ib 2 
Now AH; = AHow +34 Hp +AME+AHEA+A Miattice 
oo a 240.0 
440.3 = 90.9 + S~ + 418.7 — 348.7 + AFiattice 
or AMattice = — 721.2 kJ mol 


EXAMPLE 17.2 The Boro-Lande expression for lattice energy, 
Na Z* Ae? ( 1 
= ees 
4reqro n ) 
Calculate the lattice energy of NaCl from the following data: 
Madelung constant A = 1.748, 
Distance of separation = 0.2814 nm 
Born exponent, n = 8, 
eo = 8.854 X 10-12, 
= 1.602 x 107% C 
Solution Lattice energy 


ANiattice = 


AUiattice = — = 
4T Eoro n 4 
Na = 6.022 x 10", Z=1, A= 1.748, e= 1,602 x 10-19 c 


eo = 8.854 x 10-1, n= 8 
kb). 
8 


Na Z? Ae (i= is) 


— _ 022x 108 x (1)? 1.748 x (1.602 x 10-108 / 

AUjattice = ~ 4X 3,142%8 854 x 10" XO DBE ( 
= = 862.77/8 4 

— 754.9 kJ mol" i 


17.6 STRUCTURE OF IONIC COMPOUNDS—RADIUS RATIO 


RULE 


The arrangement of ions in a crystal is i 

Í great] 
of the radii of the ions. The struct Sethe 
mined by the relative numbers and 
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TABLE 17.1 Radius ratio (r./r.) and structural arrangements 


Limiting Coordination Structural Example 
relra number arrangement 

1-0.732 8 Cubic - CsCl 

0.732-0.414 6 Octahedral NaCl 

0.414-0.225 4 Tetrahedral ZnS s 

0.225-0.155 3 Triangular Boron oxide 


The structures of a few common compounds of the formula MX and 
MX, are described in terms of the close-packed arrangement of large 
anions with the small cations occupying interstitial sites, such as tetra- 
hedral or octahedral (Table 17.2). 


TABLE 17.2 The structure of ionic solids 


Compound Coordination Description Other Examples 
number 
NaCl Nat = ccp arrangement of Cl-, Na+ Li, Na, K halides, 
Ci- =6 in all octahedral sites AgCI, AgBr, MgO 
ZnS Zn*+ =4 cep arrangement of $?-, Zn?+ BeS, CuCl, CuBr, 
(zinc blende) S*- =4 occupy alternate tetrahedral Cul 
sites 
ZnS Zn?t = 4 hep arrangement of S?-, Zn2+ ZnO, CdS, BeO 
(Wurtzite) S? =4 occupy alternate tetrahedral 
sites 
CsCl Cst =8 


simple cubic arrangement of CsBr, CsI 
Cl- =8  Cl-;Cs+ in cubic sites 


CaF, Cait = 8 ccp arrangement of Ca?+, F- SrF,, BaF:, CdF3, 
? ro =g occupy all tetrahedral sites MgF: 
Cdl, Cd?+ =6 hep arrangement of I-, Cd2+ 

I- =3 occupy octahedral sites bet- 


ween every second layer 


EXAMPLE 17.3 The radii of Rb*, Br- and I- 
2.16 A, Tespectively. With the help of th 
whether RbBr and RbI will adopt the struc 
boron oxide. 


ions are 1.48 A, 1.95 A and 
€ radius ratio rule, predict 
ture of CsCl, NaCl, ZnS or 


Solution The most probable structu 


re can be predicted from the radius 
Tatio rule 


(Rb*) = 1.48 A; r(Br-) = 1.95 À 
re _ 7r(Rb*) Wes) ay 
To (Br-) ~ 1,95 == 0.759 


Since the radius ratio lies between 1 and 0.732, RbBr will have a cubic 
arrangement like CsCl]. 


r(Rb*) = 1.48 A, r(I-) = 2.16 À 
TRGE) AS 


io lies between 0.732 and 0.414, RbI will have an 
ment and its structure will be like NaCl, 
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17.7 COVALENT BOND 


A covalent bond is formed by the mutual sharing of electrons between 
combining atoms of the same or different elements. According to the 
orbital concept, a covalent bond is formed between two atoms when a 
half-filled valence orbital of one atom overlaps with a half-filled valence 
orbital of the other. 


Depending upon the type of overlapping, covalent bonds may be 
classified into two types. 
Sigma (s) Bond 


This type of bond is formed by the axial overlap, along the internuclear 
axis, of atomic orbitals on adjacent atom. This may be s-s over- 
lapping; s-p overlapping or p-p overlapping, as shown in Fig. 17.1. 


Ciena 2 


Ss overlap S—p overlap 


EPLO SGD 


p-p overlap 


FIG. 17.1 Formation of o bonds by the axial overlap 
Pi (7) Bond 


This type of bond is formed by the sidewise or the lateral overlap of 
half-filled atomic orbitals. This is shown in Fig. 17.2. 


JT Bond 


p-p sideways 
overlap 


FIG. 17.2 Formation of x bonds 


Due to the greater overlappin 


g in their fo i 
stronger than m bonds. mation, o bonds are 
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47.8 WAVE MECHANICAL INTERPRETATION OF COVALENT 
BONDING 


The theoretical treatment of bonding in molecules lies in the solution of 
the Schrédinger wave equation. However, it is very difficult to solve 
it for large molecules. To Overcome the difficulties, certain approxima- 
tions are made. The two main approaches are: 

1. The Valence Bond Theory (VB) 

2. The Molecular Orbital Theory (MO). 
Both these approaches are based on the variation Principle. 


Variation Principle 


The basic idea of the variati 
tion for the ground state of the system 


This theory was put forward by W. Heitler 
later improved and extended by Linus Pauli 
is based upon two theorems: 


1. If’, and Ws are the wave functions for any two isolated inde- 


pendent atoms with energies E, and Es; respectively, then the 
total wave function ¥ of the System is 


and F. London (1927), and 
ng and J.C. Slater (1931). It 


b= pa X wy (17.3) 
and energy, E of the system is ! 
j ; E= E, + E, at (17.4) 


2, If a system can be Tepresented by a humber of wave functions 
ta, Yo, Ya, ..., then it is best to represent the true wave function 
by their linear combination, i.e. 
4 = NIC, JF Capa + Cots +. . J 
where Yi, Wo, wy, o. +, are the wave functions 


Eq. (17.3), N is the normalization constant and Ci, Cz, Cs,... are 


Square of Cy’s may be taken as a m 
function in the total wave function 


17.10 APPLICATION OF VB THEORY TO H: MOLECULE 


Consider a hydrogen molecule formed by two hydrogen atoms H, and 
H, having electrons (1) and (2), respectively. When the two atonis are 
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brought close together to form a molecule, there will be interactions 
between them. The system may be expressed as: 

1Ha °H, 
and wave function yr (as first approximation) will be 

$1 = (1) (2) 
where #, and H, represent the wave functions of two hydrogen atoms 
Ha and Hg, respectively. 

The bond energy of the above system, calculated as a function of the 
internuclear distance, is only 25.1 kJ mol-1 (the total energy of the two 
isolated atoms is assumed to be zero). This value is much lower than 
the experimental bond energy for the formation of Ha molecule, which 
is 431.7 kJ mol. ’ 


First Improvement—Exchange Energy 


When a molecule is formed, atomic orbitals overlap and it is not correct 
to label electrons as they became indistinguishable. Consequently, a 
state in which electron (1) is near nucleus H, and electron (2) is near 
nucleus H, is equally probable. Hence, the system may also be 
represented as: 

°He 7H, and 01 = 4,(2)¥,(1) State 11 

Now, if the system may be represented by waye functions %4: and wit, 
the true wave function ¥ is 

Y% = Cipi + Capa = Calal) ¥,(2)] + Calha(2) 4,(1)] 

Since states I and II are equally probable, their contributions must 

be equal, i.e. 
C = C or Cı = +C: 

and if C1 = 1, Ca = +1 (for simplicity) 
Ya = pall) pal2) + Yo(2) %,(1) (Cy = 1, Cz = 1) 
p- = pall) Ye(2) — Wa(2) p(l) (Cy = 1, Cy = ~1) 

#, is a symmetric combination and represents the bonding state. Its 
bonding energy is 320.8 kJ mol“. The additional lowering of energy 
(equal to 320.8—25.1 = 277.7 kJ mol`?) is called exchange energy, 
4- is called dissymmetric combination and represents the repulsive state, 
W+ is also called covalent wave function, 


Second Improvement—Use of Effective Nuclear Charge 


_ The wave function was improved by considering the Screening effect of 
electrons. The improved wave function gave a, bonding ener 
338 KJ mol“: Es 


Third Improyement—Ionic Character 


The wave function was improved by considering the ionic ak 


g 5 3 Ti i 
which both electrons may be with either H, or H,. pinay 
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II state H Hs Vin = ¥e(1) (2) 


IV state Hi) Bice viy = ba) $0(2) 
so that Promie = pa(1) %a(2) + (1) W2) 


By taking both ionic and covalent wave functions together, 
W = Cs theovatent + Ca pionie 
or P = Cold) 2) 44.2) PIE Cahel) PDH da] 
where C; and C3 give contributions of covalent and ionic terms. For the 


H, molecule, C3/C4 has been found to be 6/1 and bonding energy is 
361.8 kJ mol-}. 


Other Improvements 


Many other corrections were applied to the w 
ing energy close to the experimental value, 
James and Coolidge (used 13 terms): 
Kolos and Roothan (used 50 terms): 


ave function to get bond- 
For example: 

Bond energy = 430 kJ mol" 
Bond energy = 431.7 kJ mol 


17.11 CONCEPT OF RESONANCE 


The concept of resonance i 
of the VB treatment of bo 
may be summarised as: 

When a molecule cannot be r 
various characteristics 
Structures, the true str 
structures. 


The individual Structurcs are called resonating structures or canonad 
structures. The resonance hybrid is more Stable than any one L 
the contributing structures, The extra stability of the resonance hybrid, 


as compared to the most stable (having lowest energy) of the contribut- 
ing structures, is called resonance energy. : 


s introduced as a result of the development 
nding in molecules, The concept of resonauce 


€presented by a single structure, and its 
can be desctibed by two or more different 
ucture is said to bea resonance hybrid of these 


Rules for Writing Resonating Structures 
1. The contributin 
tions of atoms, They s 


2. The contributi 
unpaired electrons. 


3. The contributing structures should not differ much in energy. 
4, Contributing structures in which negative charge resides On 


electronegative atom and Positive charge resides on electropositive 
atoms are closer to the true structure. 


5. Contributing structures should be so written that unlike charges 
reside on adjacent atoms, 


8 Structures should have the same relative posi- 
hould differ Only in the Position of electrons. 
ng structures should have the same number of 
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6. Contributing structures with the greater number of covalent 
bonds contribute more to the real Structure. 


Some Common Examples 


Oo molecule 
0 :: 0; => :0 0: RHEON O: 


Best represented by :O >= O: 


(One single covalent bond and two three-electron bonds, Each three- 
clectron bond has the strength of one half of a normal covalent bond.) 
N: molecuie 
CT + macy oe 
: iNi::N: <> :N::N; <> tN:: N: 
CO molecule 
ba =- + 35)" T 
TCs OR EG: O <> :C:0 


CO, molecule 


10::€::0: <> 26:C:::6: <> forse: 62 


17.12 MOLECULAR ORBITAL THEORY 


According to this theory, developed by Hunds and Mulliken, electrons 
in molecules are considered to Move in orbitals associated with several 
nuclei. These orbitals are called molecular orbitals. To construct 
M.O.’s, the simplest approach is known as the linear combination of 
atomic orbitals (LCAO) approach. 

According to this approach, whenever two atomic orbitals are 
brought closer, they combine to form a molecular orbital. The Wave 
function of the molecular orbital may be written as a suitable combina- 
tion of atomic orbitals (Wa and Ys) as: 

i YM = aba + dibs 

Gand b are the weightage coefficients. F i ; 
(homonuclear A a ae re identica] atoms 

a=b} or a= +6 

Thus, we can have two molecular orbit 

b= ba + dp 
4 = ġa — bs 

Every electron jn a bon 

bonding M.O. possesses | 


als as 
(bonding M.O.) 
(antibonding M.O.) 

diag M.O. cont 


tributes to F 
ower energy tha attraction, 


n the atomic Orbital from 
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which it is formed. On the other hand, an antibonding M.O. epee 
to the repulsion between two atoms and has higher energy than t ne 
atomic orbitals from which it is formed. For example, the 1s atomic 
orbitals of two atoms combine to form two molecular orbitals labelled as 
cis (bonding) and ojs* (antibonding). Similarly, 2s atomic ‘orbitals 
combine to form c», and o2,* M.O.’s. Of the 2p orbitals, 2p, orbitals 
form sigma orbitals (z-axis assumed the molecular axis) o2p, and o2p:", 


* 
whereas 2p, and 2p, orbitals form ~ orbitals; 2p,, m2py, 7px 
and 72p,*. 


Energy-Level Diagram for Molecular Orbitals 

There are two types of energy-level diagrams: 

(i) For molecules up to Na (where the difference in energies of 2s 
and 2p orbitals is small) ; 

15, 015", o2,, O25", 7172p, = 772 py, 


o2p:z, 72p,* = m2p,*, o2p:* 
(ii) For molecules after No, 


Ols, Ois”, Oos, T25“, o2p:z, 72p, = T2Py, 72p,* = m2py*, o2p,* 


Information Obtained from M.O. Diagrams 
(a) Bond order It ma 


4 [No. of electrons in bonding M.O.’s — No. of electrons in 
antibonding M.O.’s 


y be expressed as 


Bond order helps to predict bond length and bond strength. With 
increase in bond order, bond length decreases while bond strength 
increases, 


(b) Magnetic Properties 
Predict whether the molecu] 
paramagnetic (unpaired ele 


Molecular orbital configurations, magnetic character and bond order 
of some common molecules are summarized in Table 17.3. 


The molecular orbital diagram can also 


e is diamagnetic (all Paired electrons) or 
ctrons). 


17.13 ELECTRONEGATIVITY AND POLARITY IN COVALENT 
BONDS 


pair of electrons within a 
between two atoms with different 


ectrons more strongly. Asa result, 
harges of the system do not coin- 
S a partial negative charge (8-) and 


negative c 
d acquire 
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TABLE 17.3 Molecular orbital configuration*, bond order and magnetic 
character of some molecules 


Species Molecular orbital configuration Bond Magnetic 
order character 
H: (615)? 1 Diamagnetic 
Hy (15)? 3 Paramagnetic 
Het (01s)? (o%,)? 4 Paramagnetic 
D t 
Hes (01)? (of,)? REEN — 
Lig KK (025)? 1 Diamagnetic 
D t 
Be, KK (oz)? (0%, )? EE = 
B: KK (0825)? (of, )? (=2pz)! (72py)! 1 Paramagnetic 
C, KK (025)? (of, )* (T2pa)? (72py)? 2 Diamagnetic 
Na KK (0o25)? (0$, )* (2p2)* (2py)* (62p.)* 3 Diamagnetic 
N, KK (025)? (ot, )? (72p2)* (=2py)* (0272)! 2} Paramagnetic 
* 
O: KK (025)? (3, )? (o2pz)? (#22)? (m2py)* (72px) 
2p) 2 Paramagnetic 
* 
O; KK (025)? (of, )* (02pz)* (n2pz)* (n2py)? (=2Ppa)! 23 Paramagnetic 


Oo; KK (025)? (of, )* (o2p2)? (=2p2)* (n2py)? (R27)? 


(2p,)* 1} Paramagnetic 
me 
Fa KK (02s)? (of, )* (c2p,)* (72px)? (w2py)* (=2p4)? 


(2p)? 1 Diamagnetic 
Nea KK (029)! (of, )? (o2pz)* (n2pa)® (=2pa)? (=2Pa)? 


Œ2p,)* (02p,)2- Does not = 


exist 
CN KK (025)? (of, )? (72p4)? (=2py)? (o2p.)? 24 Paramagnetic 
CN- KK (023)? (of; )? (72px)? (12py)? (02x)? 3 Diamagnetic 
NO KK (0m)? (028)? (=2p2)? (=2py)? (02p:)? (=2pa)} 24 Paramagnetic 
NO* = KK (oz)? (034)? (m2pz)? (n2py)* (a2p,)2 33 Diamagnetic 
CO KK (cas) (038)? (%2p2)? (2p)? (o2p,)? 3 Diamagnetic 


*KK represents molecular orbitals of 1s orbitals, LOR KK=(o15)? (ols) 
the other end gets a partial positive char + 
€ ge (8+). Such a i 
called a polar covalent bond. For example, Ronal 
ô+ ô- 8+ fs 
H:H H—Gi I 
i ~C] 
Non-polar Polar molecules g 
The extent of polar character of a bond is 


: determi 
PANS of the T A mined by the electronega- 
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Dipole Moment 


For a diatomic molecule, the product of the magnitude of charge on each 
atom and the distance between them is called the dipole moment. This 
can be determined experimentally. Its value provides a measure of ie 
polar character of a molecule. The dipole is.a vector quantity and is 


Tepresented by an arrow (+>) pointing from the positive centre towards 
the negative centre, 


The dipole moment 


gives valuable information about the structures 
of molecules, In 


case of polyatomic molecules, the dipole moment is 
the vector sum of the dipole moments of various bonds. The magnitude 
of the resulting dipole moment is dependent upon the spatial orientation 
of various bonds present in the molecule, Ifa Molecule is symmetrical, 
the resultant dipole Moment of the molecule is zero. The dipole 
Moments of some common molecules are shown in Fig. 17.3. 


F H 
Pan | 
o=—c=—9 


aS WZ \ ye 


o 


ee 
A 


FIG. 17.3 Dipole moment of some polyatomic molecules 


17.14 COORDINATE OR DATIVE BOND 


It is formed by the mutual 
© atoms, with the shared pair of electrons 

while the other merely participates in 
dronium ion (H,O*), a 


Bgo: aie Gane Sean HO 


H 
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It is important to note that, in hydronium ions, all three O—H bonds 
are equivalent. 


17.15 METALLIC BOND 


Metals are characterised by bright lustre, high electiical and thermal 
conductivity, malleability, ductility and high tensile strength. A simple 
model to explaia the nature of bonding in metals is the electron sea 
model, 


Electron Sea Model 


In this model, a metal is assumed to consist of positive kernels arranged 
on a regular lattice, surrounded by mobile electrons which move freely 
within the boundaries of the crystal. Alternatively, it is supposed that 
there is a sea of valence electrons in which kernels are immersed. The 
simultaneous forces of attraction between the mobile electrons and 
Positive kernels is responsible for holding the metal atoms together and 
is known as metallic bonds. ? 
An al'ernative approach for tbe metallic bond is the band model. 
. This is based upon the molecular orbital theory. According to this two 
atomic orbitals combine to form two molecular orbitals. Similarly, N 
atoms with one atomic orbital on cach atom combine to give N molecular 
orbitals with energies so close that they may be treated as an energy 
band. The formation of an energy band depends upon: 
` 1. the close proximity of a large number of atoms 
2. the energy ditference between pure atomic orbitals 
The idea of energy bands gives a pictorial representation of the energy 
levels in a metallic crystal. The arrangement of electrons in the different 


resi 
region 


Semiconductor 
FIG.17.4 Energy gap ina metal, a semiconductor and an insulator 


energy bands determines the characteristics of a metal Th 

formed from different atomic orbitals May overlap ate a EE 

each other. The spaces bstween bands represent energies forbid, Tom 

electrons-in metals and are called energy gaps. The energ rbidden to 

insulators and semiconductors are shown in Fig. 17 A ca 
$ oe e a S, the 
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higher energy empty states neces 
to filled bands, so electrons can 
hand, the energy gap between t 
in the case of insulators. 
for conduction, to the ele 


sary for electrical conduction are close 
80 into the empty bands. On the other 
he filled and unfilled bands is very large 
Therefore the empty bands are not accessible, 
ctrons in the filled bands. Several solids have 
s and non-metals. These are called semiconduc- 
these substances is very small and the increase 
in temperature gives enough thermal energy for some of the electrons in 
the filled bands to move into the empty ones. For example, the energy 
gap in silicon is only 104.6 kJ mol and it behaves as pemiconduciys 
while the energy gap in carbon, which is an insulator, is 502 kJ mol". 


tors. The energy gap in 


17.16 HYDROGEN BOND 


is formed when a hydrogen at 
electronegative atoms, holdin 
a hydrogen bond. For exam 


exhibit unexpected pro i 
Points, 


Hydrogen bonds can be classified into two categories, 
Intermolecular Hydrogen Bond 


This type of hydrogen bond is 
of the same or different substanc 


formed between two different molecules 
es. 


oH -O-— 


Intramolecular Hydrogen Bond 


This type of bond is fo 
tive atom within the s 
0-nitrophenol and o- 
The effect of intram 
Opposite to that of j 


tTmed between a hydro 
ame molecule. Fo 
fluorophenol show 
olecular hydrogen 
Atermolecular hydr 


gen atom and an electronega~ 
r example as shown in Fig. 17. 5, 
intramolecular hydrogen bonding: 
bonding on physical properties is 
ogen bonding. 
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i Z 
N . fe) 
if x 
ote A aN 
Hydrogen bond ` Hydrogen bond 


FIG. 17.5 Intramolecular hydrogen bonds in o-nitrophenol and o-fluorophenol. 


17.17 VAN DER WAALS FORCES 


Van der Waals forces are the weakest but most universal. There are 
three main types of forces which contribute to van der Walls bonding. 


Attractive Forces among Polar Molecules which Arise due to 
Dipole-Dipole Interactions 


These are the result of electrostatic attraction between oppositely 
charged ends of molecules (Fig. 17.6a). 


\ O 
6 WD a $ 
(9 ) Dipole - dipole (b) dipole - induced dipole (c) Instantanecus dipole — 


instantaneous induced dipole 


FIG. 17.6 Interactions between molecules 


Attractive Forces between a Molecule with a Permanent Dipole 
and a Molecule (or Atom) without a Dipole 


Due to the presence of a polar molecule, the electron cloud in the neigh- 
bouring non-polar molecule gets distorted towards the positive end of 
the dipole molecule. This leads to an induced dipole in the nonpolar 
molecule, resulting in an attractive interaction between the permanent 
and induced dipoles (Fig. 17.6b). 


Attractive Forces between Non-polar Molecules or Atoms 


These forces arise as a result of motion of electrons in non-polar mole- 
cules or monoatomic gases (e.g. He, Ne). To understand the origin of 
these forces, let us consider two helium atoms, very close together. Due 
to the motion of the electrons, the electron distribution in an atom is 
unsymmetrical at any given instant, with a slight increase in electron 
density on one side. Asa result, one end of the atom acquires agslight 
negative charge while the other end acquires a slight positive charge, 
leading to an instantaneous dipole. This momentary dipole influences 
the electron disttibution in the neighbouring atom and induces an 
instantaneous induced dipole. Although this effect (Fig. 17.6c) persists 
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for a very short time, and the instantaneous and induced dipoles are 


constantly changing, the net result is attraction between neighbouring 
atoms, 


‘QUESTIONS 


QUIZ QUESTIONS 
Type A: Multiple Choice 


17.2 Which of the following statements 


(c) The strength of. the bond depends u 
(d) The bond formed may be polar or 
17.3 The number of bond. 
` (a) onea andone x 
(b) one cand two xz 
(c) three o only 
(d) two sand one x» 
17.4 Which of the foilowing s 
(a) They consist of ions 
(b) They generally have high melting and boiling points 
(c) They are good conductors at room temperature 
(d) They are generally soluble in Polar Solvents 
17.5 The weakest bond among the following is 
(a) ionic 
(b) covalent 
(c) metallic 
(d) hydrogen bond 
17.6 Which of the followia 
(a) The Contributing Structures must havet 
. trons 
(b) The contributing structur 


pon the extent of overlapping 
non-polar 


sina nitrogen molecule is 


tatements concerning ionic compounds is false? 


es should haye similar energies 

(c) The contributing structures should be so written that unlike charges 
reside on atoms that are far apart 

(d) The positive charge should be present on the electropositive élement and 
the negative charge o3 the electronegative element 


17.7 The hydrogen molecule "ay b> represented by two wave functions, covalent 
and pionie and C, and C, are Coefiziont indicating the weight of each 
function. The real wave function May be written as (Nis the normalization 
constant) 

(a) y= N [Wreovatent + pionie] 
= MiGi teovatent 4+ Ce Pionie] 
(c) p= NIC) Peavine x C2 Pionie] 
CDS (CF CÙ N [tcovatent + Ca Pionie] 
17.8 Ify, and Y, are the wave functions of two hydrogen atoms with electrons | 
Wave function may be written as %ı = whe (1) fy (2), 


17.9 


17.10 


17.11 


17.12 


17.13 


17.14 
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When the improved function becomes pe = Wa (1) Pp (2) + Ya (2) Ya (1) a - 
significant lowering in energy occurs, known as f 

(a) resonance energy 

(b) ionic energy 

(c) exchange energy 

(d) shielding energy 


A molecule may be represented by three structures having energies Fi, Ea and 
E, respectively. The energies of these structures follow the order 
E, < E, < E,, respectively. If the experimental bond energy of the molecule 
is Ey, the resonance energy is 

(a) (E; + Es + Es) — Eo 


(b) Eo — Es 
(c) Fo — Ei 
(d) 22 — Eo 


Which of the following resonating structures is not correct for COs? 


(a) :0=C=0: 
a ns 
(—b) -0 —C=O: 
+ = 
(c) :O—CeO0: - 
+ oe 
(d) :O=C—O: 


The carbon monoxide molecule may be represented by the following struc- 
tures except 

(a) CaO 
(b) :C:::0 


(c) 2:07 


+ = 
@)_ E o Ea 
Which of the following combinations are not allowed in the LCAO method 


for the formation of a MO (consider the z axis as the molecular axis) 


(a) stop, 
(b) s+ Py 
(©) pe + Ps 
(d) p: + p, 


The bond order in Ož is the same as in 

(a) Nt (b) CN- 

(c) NO+ (a) co 

The molecular orbital configuration of Bs molecule is 


(a) KK (6 2s)? (o 3s)2 (= 2p)! (= 2Py)? 


(b) KK (o 2s)? (o 2sy2 (0 2p,)? 


412 Physical Chemistry: Principles and Problems 


(©) KK (0 2s)? (o 25)? (= 2p,)? 


(d) KK (a 25)? (6 25): (o 2p,)1 (= 2p,)t 
17.15 In which set of molecule: 

(a) B, 0, Na 

(b) By, O:,NO 

(c) Bz, Fy, O, 


s are all the species paramagnetic? 


(d) Bs, O,, Li: 
17.16 The calculated bond order in the superoxide (O7 ) ion is 
(a) 2.5 (b) 2 
(c) 1.5 (d) 1 
17.17 Which has the smallest bond length? 
(a) O: (b) 
a 
(©) Oo; (4) 07 


17.18 Ifthe z-axis is the molecular axis, 
the overlap of 

(a) s+ p, 

() P: +p: 

In which set of diatomic molecu] 


@ Ny, NO, ot 


then x molecular orbitals. are formed by 


(b) Px + py 
(d) Pz + Dz 


17.19 es is the bond order of each member 24? 


(b) Of, NO, CN- 
(©) NP, CN, of 


(d) CN-, Ný, Ne 


17.20 The bond energies in NO, NO+ 


(@) NO+ > NO > NO- 
(b) NO > NO+ > NO- 
(c) NO- > NO > No+ 
(d) NO+ > NO- > NO 


and NO- follow the order 


17.21 The bond Order in the species O:, OF and Of is correctly represented by 
(a) 0:> 0; > ot 

(bt) OF > 0750, 

©) OF >.> Oe 


(d) O; >> of 


17.22 Which of the following Species is diamagnetic ? 
(a) O (b) NO+ 
(c) NO (d) O, 
17.23 Which of the fo i 


es has unpaired electrons in antibonding 
molecular orbitals ? 


17.24 


17,25 


17.26 


17.27 


17.28 


17.29 


17.30 


17.31 
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(a) O: (b) N: 
(c) Cs (d) B: 


Which of the following statements is not correct regarding bonding mole- 
cular orbitals ? 


(a) Bonding molecular orbitals possess less energy than the atomic orbitals 
from which they are formed. 


(b) Bonding molecular orbitals have low electron densities between the 
two nuclei. 


(c) Every electron in bonding molecular orbitals contributes to the attrac- 
tion between atoms. 


(d) They are formed when the lobes of the combining atomic orbitals haye 
the same sign. 


The sequence of energy levels of M.O.’s formed from the outermost shells 
of Ca molecule is 


* * 
(a) 02s<o2s<n2pe = n2py<o2p.<n2py = ndpy <odp, 
* * * 
(b) o2s<o2s<n2px = n2py<o2p,<o2p,<n2py = 72pz 
* LJ * 
(C) 02s<o28<02p,<n2pz = n2py<r2pe = n2py<cdp, 


(d) o2s<o2s<o2p, <n2pz = n2py<02p,<n2pe = py 
The molecular orbital configuration of CN+ is 


(a) KK (025)? (025)? (2p)? (m2py)* 
(b) KK (2s)3 (025)? (o2pz)* (=2P2)" (n2py)* 
(©) KK (025)? (028)? (02p:)? (n2pz)? (n2py)! 


(d) KK (02s)? (025)? (02p,)? (n2pa)* (n2p,)? 


According to radius ratio rule a compound consisting of cations of radius 
0.97 A and anions of radius 2.51 A will probably crystalize in the form 


(a) CsCl (b) NaCl 

(c) ZnS (d) CaFs 

In the formation of NO+ from NO, the electron is removed from 
(a) ac orbital (b) a x orbital 

(c) a o* orbital ¢ (d) a x* orbital 


The maximum radius ratio rA/rs for an atom A to fit into the simple cubic 
B lattice is 


(a) 1 (b) 0.732 
(c) 0.414 (d) 0.155 


CaO and NaCl have the same crystal structure and ap 


proximately t 
ionic radii. If U is the lattice energy of NaCl, y the same 


the approximat 
energy of CaO is e lattice 
(a) Uj2 (b) U 
(c) 2U (d) 4U 


The magnitude of the lattice energy of a solid increases if 
(a) the ions are large 

(b) the ions are small 

(c) the ions are of equal size 

(d) charges on the ions are small 
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17.32 Which of the following molecules ha. 
(a) NHs (pyramidal) 
(b) CHCl; (tetrahedral) 
(c) H20 (angular) 
(d) BF; (triangular) 


17.33 The electronegativities of F, Cl, 
Which of the hydrogen halides h 


S zero dipole moment ? 


BrandI are 4, 3, 2.8 and 2.5, respectively. 


as a high percentage of ionic character ? 
(a) HF (b) HCI 
(b) HBr (d) HI 


17.34 Which of the following molecules has a high dipole moment ? 
(a) COs (linear) 
(b) CCl (tetrahedral) 
(c) H:S (angular) 
(d) BF; (triangular) 


17.35 In which of the following pairs does the first 


compound not have a higher 
boiling point than the second ? 

(a) Kr, Ne (eHEt Hei 

(c) NH;, PH, 


(d) Cl, KCI 


as the least tendency to form hydrogen 


17.36 Which of the fo 
bonds between 
(a) NH, (b) NH,OH 
(c) HF (d) CH,F 


lecules is the order of boiling points 


llowing compounds h; 
molecules ? 


17.37 In which of the follo 
incorrect ? 


(a) Xe > Ars He 

(b) HE > HCl > HBr 
(c) H,O > H.Se > H.S 
(d) CH, > CH; > CH4 


17.38 Intermolecular forces in 
(a) electrostatic forces 
(b) hydrogen bonds 
(c) van der Waals forces 
(d) metallic bonds 


wing set of mo 


solid hydrogen are 


17.39 The boiling point of water (H:0).is 100°C whereas th 
(H:S) is —4 ibuted to 


20 than H4S 


at of hydrogen sulphide 


17.40 Which of the following state: 
(a) A cbond is Weaker than 
(b) There are four coordinate bonds in the NH4* ion 
(c) The covalent bond is directional in nature 
(d) HF is less Polar than HC} 
Type B: True or False 


ments is correct ? 
a z bond 


17.41 Ac bond is stronger than a z bond. 2 

17.42 The three-electron bond in the oxygen molecule (proposed by Pauling) 15 
assumed to be equivalent to one anda half ofa normal two-electron bond. 

17.43 Ac, molecular orbital always has lower energy than the related x, molecular 
orbital, 
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17.44 The bond order in the species Oz, Of and O; decreases as 


17 45 


17.46 
17.47 
17.48 
17.49 


17.50 


Oł > O > OF 
The bond energy in a diatomic molecule always increases when an electron 
is lost. y 
Electrons in antibonding M.O. contribute to repulsion between two atoms, 
Out of NO, NO+ and NO~, only NO is paramagnetic, 
The bond order in CO and CN- is the same. 


The nature of the bond between hydrogen and chlorine in the HCI molecule 
in the vapour phase is ionic. 


With increase in bond order, bond length decreases and bond strength 
increases. 


Type C: Fill in the Blanks 


17.51 
17.52 


17.53 


17.54 
17.55 


17.56 
17.57 


17.58 


17.59 
17.60 


17.1 

17.8 

17.15 
17.22 
17.29 
17,36 
17.43 
17.49 


17.56 one, zero; does not exist 


fey!) 


Each molecular orbital, whether bonding or antibonding, can accommodate 
a maximum of —————-— electrons. 


Sidewise overlap of two p-orbitals leads to the formation of —————— 
molecular orbital. 

Molecular orbitals with cylindrical symmetry are called —————-— mole- 
cular orbitals. 

The bond order in the H} molecule ion is ——————. 

In the CO molecule there are —————— valence electrons and the confi- 
guration is the same as that of —-————— molecule, 

The bond order jin Bz molecule is—————— and in’ Bez molecule 


is _—_-——. 


In the process OF —————— 03+ + e, the electron is lost from ————— 


molecular orbital. 


Every electron in a - ————-— M.O. contributes to the attraction between 
two atoms. 
Sigma bond is formed by ————-—— overlap of atomic orbitals, 


The bond order in the N} ion is ——— than that of the Nz molecule, 


whereas that of Of ion is -————— than that of the Os molecule, 
ANSWERS 


(b) 17.2 (b) 17.3 (b) 17.4 (c) 17.5 (d) 17.6 (c) 17,7 (b) 
(©) 17.9. (b) 17.10 (c) 17.71 (d) 17.12 (b) 17.13 (a) 17.14 (a) 
(b) 17.16 (c) 17.17 (b) 17.18 (a) 17.19 (c) 17.20 (a) 17.21 
(b) 17.23 (a) 17.24 (b) 17.25 (a) 17.26 (a) 17.27 (c) 17 28 a 
(b) 17.30 (d) 17.31 (b) 17.32 (d) 17.33. (a) 17.34 (c) 1735 T 
(d) 47.37 (b) 17.38 (c) 17.39 (d) 17.40 (c)-17.41 True 17.43 oi 
nae pete True 17.45 False 1746 True 17.47 True 17 ee: 
alse 17.50 True 17.51 Two 17.52 n 7 fees 
17.530 17.544 17.55 10, NO+ 


17.57 antibondi i 
axial 17.60 less, more onging morbital 17,58 bonding 


18 
Molecular Structure and 
Spectroscopy 


structure of molecules. 


18.1 ENERGY LEVELS IN MOLECULES 


The total energy of a 
Considered to be the s 
tronic (e.), vibration 


molecule, besides its t 


ranslational energy, may be 
um of elec- 


al (e,) and eaa V:2 
rotational (¢,) energies: HOD ANE aie 
4 —_— 
BS Ge chee, Fie; (18.1) J=- gee 
Equation (18.1) implies that there looo -1 
is no interaction between the fee De ae 
Various degrees of freedom. These Paes aie 


energies are quantized and each De 


2 ENER 
one of them has discrete values, (E nz1 
The relative energies of various 
levels are Shown in Fig. 18.1. ——— 
(_——— 2 
The electronic energy levels — X:2 


are represented by n. Within 
the electronic energy level there 


are vibrational energy levels aee yä 
Tepresented by v (e.g. v= 0, 1 7 
& 5 oe 
1+++). The vibrational energy joe 
levels consist of a Dumber of J= 2 Shine 
Totational energy levels designat- Sa neg 
ed by J(e.g. J = 0, PARIN 


FIG. 18.1 Rotational, vibrational and 
electronic energy leyels 
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18.2 TYPES OF MOLECULAR SPECTRA 


Depending upon the transitions in electronic, vibrational and rotational 
energy levels, three types of molecular spectra are obtained. 


Rotational Spectrum 


The rotational spectrum is obtained by transitions in rotational energy 
levels. The energy changes involved in this type of spectrum are small 
and, therefore, these transitions occur in the far infrared region or micro- 
wave region. 


Vibrational-Rotational Spectrum 


The transitions in vibrational energy levels are also accompanied by 
changes in rotational energy levels. Asa result, the spectrum obtained 
is called a vibrational-rotational Spectrum. This is obtained in the 
infrared region, 


Electronic Band Spectrum 


The transitions between electronic energy levels are also accompanied by 
vibrational and rotational transitions. Thus, the spectrum obtained is 
complex and looks like a continuous band due to overlapping of rota- 
tional, vibrational and electronic transitions. This is observed in the 
visible and ultraviolet regions. 


18.3 ROTATIONAL SPECTRA 


These spectra are obtained for molecules with permanent dipole 

moments. Let us consider diatomic molecules, These may be regarded as 

tigid rotators. The energy Er of such a rigid rotator, in any given rota- 
tional energy level J, is given by 

h 

E, = Sn 


T 


2 
27 J(J + 1) J=0,1,2,... (18.2) 
where J is the moment of inertia of the molecule defined as 

T=pr5 


where “is the reduced mass of 
distance. If mı and m are the 
B, then 


the molecule and ro is the internuclear 
atomic masses of the two atoms A and 


mms 
= aa 
m + m 
= mima 2 
so that I= (mre) ro 


mı + m, (18.3) 
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; to a higher 
When a transition occurs from the rotational energy level J 


1s will be 
rotational level J’, the energy difference between these levels 
given by 


i yy = 1)] (18.4) 
AE = E/E; = RS W +1) — JIU + DI 


i diato- 
According to the selection rules for pure oe rE k sis 
mic molecules, the transitions are only observe 
AJ = +1, Thus if AJ=J' — J = 1, then 


h2 
= —— (2J 
AE y] (2 iy 


Now AE = hv =} = hev 
= h (18.5) 
or v= ( Bmc Jz 


For a giyen molecule, h/87?Ic is constant and is called the rotational 
or a giv , 
constant, denoted by B. Thus, 


Wave number, v = 2 BJ (18.6) 
Thus, for vı > 0 = 2B 

Vo >1=4B 

GB 


This means that the spectral lines in rotational spectra are equally 
spaced, with spacing equal to 2B. This is also known as frequency 
separation. 


Rotational spectra can be used to calculate the moments of inertia 
and bond lengths of diatomic molecules, 


Polyatomic Molecules 


The spectra of linear triatomic molecules show the same es, 
separation of 2B. For example, linear triatomic molecules like ae 
behave like the HCI molecules, However, it has been observed that al 
B values are quite small and Consequently, the lines are more pees’ 
spaced. The spectra of these molecules are studied in the aie r 
region to calculate B and the moment of inertia. As the ARRAN ie 
bonds in a linear triatomic molecule is two, the bond distances canno! s 
determined from a single B value. In such cases, B values are pe 
for isotopically substituted molecules (such as O16—Cl—S* a 
O"—C*—S**) and both the bond distances can be determined. 


Expression for Non-Rigid Rotation 


We have assumed tha 
However, this assum 
elastic to some extent, 
energy was improved as 


bea tors- 
t diatomic molecules behave as rigid ae are 
Ption is not always valid because all Sane 
To account for this, the expression for rot 
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E, = BMJ + 1) — DJ? (J + 12 (18.7) 
where D is called the centrifugal distortion constant. It takes into 
account the increase in bond length due to the rotation of the molecule. 
EXAMPLE 18.1 The rotational spectrum of HI shows a series of equidis- 
tant lines separated by 12.8 cm-!. Calculate the moment of inertia and 
the internucleae bond length (atomic mass of H = 1 and I = 127). 


Solution 


In a rotational spectrum, the frequency separation is 2 B, 
2 B= 12.8 cm or B = 6.4 cm! 
h 


But Gos 8r?Ic 
or Moment of inertia, I = Ral 
87? Be 


h = 6.626 X 10-27 ergs, B = 6.4 cm™!, c = 3 X 101 cm 5-1 
6.626 X 10- erg s 


22 \3 
8 x(2) Xx (6.4 cm7?) x (3 X 101 cm s71) 


[erg = g cm? s~2] 


= 4.37 X 107% g cm? 
Now, I=pr? 


e 1 
Mass of an atom of H = 6.022 x 107 & 


he 127 
Mass of an atom of I = 6022 x 108 E 


1 127 
or pe tt _ 6.022 x 10 X G02 x 108 
~ m+m 1 
6022 x 10% (l + 27) 
= 1.65 x 10-4 g 
š T 4.37 Xx 107 g cm? A 
Ty kT 1.65 x 10%, = 2.648 x 10716 cm? 


dali Fo = 1.627 x 10-8 cm 

EXAMPLE 18.2 (SI Units) The Totational spectrum of the NO molecule 
showed a frequency difference between Successive li 
332m. Calculate the internuclear bond len 
C=3 X 10° ms), 

Solution 


Frequency separation = 2B 
2B = 332m or B= 166 m- 


420 Physical Chemistry: Principles and Problems 


Now, B= ee 
h 
OE = 87? Bc 
g% 6.626 X 107% Js 


2 
8 x (+) x (166m7) x (3 x 10° ms) 
= 1.68 X 10-* kg m? 
But re ( mums ) pa 


m + m, 9 
14 x 10-3 16 x 10-3 
G enzi È ™ = Foo5 x 1p KE 
en a 14 x 10-3 x 16X10 kg 


6.022 x 108 (16 + 14) x 107 ”™ 
1,68 X 10746 kg m? = 1.24 X 102° kg r? 
-46 
r =E OE = 1.355 X 10-2 m? 
= 1.164 x 10710 m = 0.1164 nm 
EXAMPLE 18.3 The bond length of HF molecule is 0.918 A. Calculate 


the frequencies in cm™ for the lines in the rotational spectrum of HF fof 
the transitions J = 0 > J=1;J=1 >J=23J=2>J=3. 


Solution Frequency separation = 2 B 
h 
87? Ic 


mm 
where I = eo) ro 
mi + m, 


ro = 0.918 Å = 0.198 x 1078 cm, mı = sora g 
19 
6.022 x 10 & 
3 1 x 19 5 x 
6 02 x 10% (1 +19) % (0.918 x 107°)? 
= 1.329 X 10710 g cm? 
h 


m, = 


5: 872 Ic 
z. 6.626 x 10727 erg s 
8 (22/7) x (1.329 x 10-40 gcm?)x (3 x 10% cms’) 
= 21 cm?! 
Wave numbers for different transitions: 
fa 2 ily OR 25 «34 = 42 cm 
J=1—+J=2, 2Bx2 = 84cm 
=2—> J=3, 2Bx 3 = 126 cm? 
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18.4 VIBRATION-ROTATION SPECTRA 


These spectra are exhibited by molecules in which there is change in 
dipole moment. The vibrations of a diatomic molecule may be assumed 
to be simple harmonic. The vibrational energy is given by 
E, = (v +4) hvo (18.8) 
where v is the vibrational quantum number and may take values (m= 0, 
1, 2,...), his Planck’s constant, vo is the fundamental vibrational fre- 
quency. When the oscillating molecule is in its lowest vibrational level, 
v = 0, its energy 
E = thy (18.9) 
is known as the zero point energy. This is present even at absolute zero. 
When a transition occurs from vibrational energy level v to a higher 
vibrational level v’, the energy difference is given as 
AE, = Ep —E, = (v'+4) hvo — (+4) hy = (v'—y) hvo (18.10) 
But vibrational transitions are also accompanied by rotational tran- 
Sitions, so rotational changes may also be added or subtracted: 
AE = AE, + AE, 


h? 
AE = hy = (v'—v) hvo + (57) J (18.11) 
The frequency, 


v 


(v'—v) vo + (7) J 


h 
_ or v = Av v + (qr)? (18.12) 
1 


This means that the vibrational-rotational Spectrum of a molecule ` 
will not consist of a single line Corresponding to the vibrational transi- 
tion Ay, but will have a number of lines on either side of the expected 
position due to the addition and subtraction of the rotational contribu- 
tion. From the above equation, it is cleart hat when rotational energy 


Generally Ay 


ll 


P Branch R Branch 


all 


FIG. 18.2 Vibrational-rotational Spectrum of a diatomic molecule 


| 1 | p 


Increasing Frequency 
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i i igh-frequency 
contributions are added, we get a series of lines on = Se = ae 
side (called R branch), and when the rotational contribution 


i led P 
tracted, we get a series of lines on the low-frequency side (calle 
branch). This is shown in Fig. 18.2. 


Force Constant 


imple 
If the vibrations of a diatomic molecule are assumed to be simp 


cnet cons” 
harmonic, the restoring force per unit displacement (called force 
tant) can be calculated from the relation: 


13) 
& Sonum (18. 
E AAR m, +m n be 
Knowing the values of various constants, the force constant (K) ca 
calculated, 

Anharmonicity 


Real molecules do not obey the conditions of harmonic oscillation. TO 
account for the anharmonicity. Equation (18.8) may be modified as D 
E, = (v+4) hv — (+4)? xhvg ages 
where xis the anharmonicity constant. Due to anharmonicity <a 
spacing between vibrational energy levels decreases with increase int 


j ; te 
vibrational quantum number. By measuring the progressive decreace, 
the value of x can be calculated. 


Vibrational Spectra of Polyatomic Molecules 


Polyatomic molecules exhibi 
motion can be described in t 
vibrations, In polyatomic 
normal modes of vibration 
molecules, These normal 
coordinates (i.e. bond leng 
vibrational modes for the 1 
H:O molecule Anan 
Normal modes, 


t a complicated vibrational motion. ae 
erms of a number of normal modes or ae 
molecules containing N atoms, there are 3 He 
in non-linear molecules and 3N-5 in pa 
modes can be described in terms of poan 
ths or bond angles). For example, the DOEN 
inear CO, molecule and angular H,O are: 


—6=3 
gular water molecule, H,O should have 3X3—6 
These are labelled vı, v2 and v3, The first two are 


of of 


-> 


H 
H H H H 
Y < y y 3 

Symmetric 


symrnetric antisymmetric 
vere bending. stretching 


FIG. 18.3 Normal modes of vibration for H,O molecule 
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symmetric and the third is antisymmetric. 
CO, molecules Linear triatomic molecule have four normal modes of 
vibration. These are: 


(Oo) 
f 
T an e. E E <t—0—_C-B=t-o 
nage f V3 
stretching Paap ge i i 
A por 
Y2 bending 


FIG. 18.4 Normal modes of vibration for CO, molecule 


In this case, vs has two vibrations which have identical value of v and are 
called doubly degenerate. 

The vibrational spectrum is observed if the transition occurs in any 
vibrational mode or any combination of vibrational. modes involved. 
When the transition occurs in any one of the vibrational quantum 
numbers from v = 0 to v = 1, all others remaining zero or unchanged, 
these are called fundamental bands, i.e. from v (0,0, 0,...) to 
v=(1, 0, 0,...) or (0,1,0, . . .) or (0, 0, 1,...). Since the vibrations are 
not truly harmonic, the selection rule Av = 1 is not always obeyed. As 
a result, many weak bands arise from transitions in which Av = +2, 
+3,,... Ifthe transition is from v = 0 to v = 2, the band obtained is 
called the first overtone, i.e. v (0, 0,0, . . .) —— v (2, 0, 0). However, 
if more than one vibrational quantum number changes, the band obtain- 
ed is called a combination band, i.e. v (0, 0, 0,...) —> y (0, 1, 1) or 
v (0, 1,2,...) or (I, 2, 3). 


EXAmpLe 18.4 The fundamental vibrational frequency of the HCI 
molecule is 2886 cm-1. Calculate 

(a) the reduced mass of HCI 

(b) the force constant for stretching in HCI, in dynes cm~, 
Solution 


(a) Reduced mass of HCI = 78 Mci 


ma + mci 
1 3525) 
ma = Fo22 x10" > Mer = 6.022 x 1073 
1x35.5 


Reduced mass = 


6.022X 10" (1735.5) = 1-62 10-24 g 
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(b) Now, k = 4m y2c2 p 
=4 x(2Y'x (2886 em=")2 (3 x 1029 em s71)? 
X (1.62 x 10-*4 g) 
= 4.8 10° dyn cm~! 


EXAMPLE 18.5 (SI Units) The force constant for the HBr molecule is 
413X107? N m7}. Calculate $ 


(a) the frequency of radiation for the transition from v=0 to v=1 
(b) the fundamental frequency 
(c) the zero point energy 


Solution The force const ea 


k = 4n2c2y2 p 

e Dhe hk l 
Os M Alm J= 

c = 3X10 m s1, k= 413x102 N m- 

e EMENI 1x80 


mu + mer 6.022 x 1023 (1480) 1.64 X 10-2? kg 
i 1 4.13102 \ 
O °= zamer * (ERTS) 
= 2.66 105 m7 
(ii) Fundamental frequency vo = v Xc 
= (2.66X 10° m71) x (3X 10 m s7») 
= 7.98 x 1018 s71 
(iii) Zero point energy = 4 h vo 
= $X (6.626 x 10731 J 5-1) x (7.98 x 1013 s7") 
= 5.29 10-29 J 


18.5 ELECTRONIC SPECTRA 


Electronic spectra arise when an electron in a molecule jumps from one 
energy level to another. During transition in electronic energy levels, 
changes in vibrational and rotational energy levels may also take place. 
As a result, each band in the electronic spectrum consists of a number of 
fine lines due to vibrational and rotational transitions and thus appears 
continuous. If E and E’ are the energies of the molecule in the initial 
and the final states, 

E=E,+E,+E, 

EP = 548+ R 

The change of energy, AE, for the electronic transition is 
AE = (E’.—E,) +(E’,—E,)+(E',—E,) 
= AE.+AE,+AE, 
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The frequency of radiation is 
AE, +AE,+AE, 
oe h 

Now, AE, and AE, may have a number of different values depending 
upon the rotational and vibrational quantum numbers involved. The 
resulting spectra will have a large number of Jines corresponding to the 
given electron transition. In other words, the spectrum will be a 
complex band spectrum. 


In case of polyatomic molecules, electrons are present in sigma 
bonding (c) and antibonding (c*), pi bonding (7) and antitonding (7*), 
and non-bonding molecular (n) orbitals (Chemical Bonding, Ch. 17). 
Electronic transitions occur when the electrons are excited from bonding 
or non-bonding molecular orbitals to antibonding molecular orbitals as 


o —— o*, n——> n*, n —> o*, mn —> o* 


18.6 RAMAN SPECTRA, RAMAN EFFECT 


Raman found that when a monochromatic light of definite frequency 
(v) is passed through a gas, liquid or solid, and the scattered light is 
observed at right angles to the incident beam, the scattered radiation 
may also contain lines of frequency lower or higher than the original 
frequency. This is known as Raman effect. The lines of lower fre- 
quency are called Stokes lines and those of higher frequency are called 
anti-Stoke’s lines. Raman also observed that the difference (Av) between 
the incident frequency (v) and any scattered frequency (v’) is constant 
and characteristic of the substance exposed to light. This difference 
is called the Raman frequency and is independent of the frequency of 
the incident light. 

The Raman effect can be used to find vibrational and rotational 
transitions in homonuclear and heteronuclear molecules. This effect is 
not exhibited only by polar molecules, but also by non-polar molecules 
such as H3, No, Cle, etc. Ina vibrational spectrum, the modes which 
change the polarizability are Raman active. In rotational Raman 
scattering, the selection rule for rotational lines is AJ = +2. Therefore, 
the energy difference between two levels is 


AE, = Bh lJ’ (J'+1)—J" (J"+1)] 
but Palo 
so that 

AE, = Bh [4J'—2] 


This means that spectral lines will be equally spaced with a frequency 
separation equal to 4B. 
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QUESTIONS 


Numerical Problems 


18.1 


18.2 


18.3 


18.4 


18.5 


18.6 


18.7 


18.8 


18.9 


18.10 


The rotational spectra of HBr and HCI give a series of lines with an equidis- 
tant separation of 16.9 cm-1 and 20.7 cm-1, Tespectively. Calculate 

(a) their moments of inertia 

(b) the internuclear distances of the molecules 

(SI Units) The spectrum of BrF gives B = 0.357 cm-1, 
length of the molecule. 

(SI Units) The rotational s 
spaced 4190 m~: apart, 
the HF molecule. 


Calculate the bond 


pectrum of HF shows a series of equidistant lines 
Calculate the moment of inertia and bond length of 


The bond length of the co 
in cm~, required for trans 
1+ 2, 2—> 3 and 3 34, 


The series of lines in the rotational spectrum of HI are equally separated by 
12.8cm-1. Calculate the frequencies corresponding to transitions in the 
rotational quantum numbers 0 —> 1, 1 > 2,2 —> 3 and 3 > 4. 


The fundamental vibrational frequency (vo —> 1) bond for CO is 2140 cm~. 
Calculate the force constant for the molecule. 


(SI Units) The force constant for hydrogen fluoride is 9,7 x 10? N m-i. 
Calculate its fundamental frequency and zero pointenergy, 

How many normal vibrational modes are possible for 

(a) HF (b) CO, (linear) 

(c) SO; (bent) (d) NHs 

A mercury line of 4360A is used to stud 
molecule, 


n Calculate the wavelength of St 
vibrational frequency of HCl, vo 


Which of the following vibrati 


molecule is 1.13 A. Calculate the frequencies, 
itions in rotational quantum numbers 0— 1, 


y the Raman spectrum of the HCl 
okes-Raman line if the fundamental 
—> 1 = 2886 cm-1, 


Ons are i.r, active? 


——c==c— 4 — = c==0— > 
H (a) a (b) 
sated am —=— N=SN—e 
A Dy 
n (c) (d) 
ct 
Yea } 
H H c 
N A RRG 
(e) (hy eH 


FIG. 18,5 
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QUIZ QUESTIONS 


Type A: Multiple Choice 


18.11 


18.12 


18.13 


18.14 


18.15 


18.16 


18.17 


18.18 


Rotational spectra are observed in the 

(a) near infrared region 

(b) far infrared region 

(c) visible region 

(d) ultraviolet region x 
In the rotational spectra of diatomic molecules, the spacing between succes- 
sive lines is equal to (Z is moment of inertia) 


h h 

O Tade (b) (zr) 
h 4h 

o gar OSE 


If v is the vibrational quantum number and vo is the fundamental frequency 
(in cm), the vibration energy is given by 

(a) E, = } hce vo 

(b) Ey = (v — Hh vo 

(c) Ey = (v + 4)h vo 

(d) Ey = (v + d)he vo 

The zero point energy of a molecule is (vo = fundamental frequency in cm~?) 
(a) hvo 

(b) 44v 

(c) 4 hev 

(d) (v + 4) he vo 

The selection rule for transitions in rotational energy levels of a diatomic 
molecule is 

(a) AJ=+1 

(b) AJ=—1 

(cœ) AJ=+1 

(d) AJ= 42 


If v is the fundamental frequency, » the reduced mass and k the force con- 
stant, then 


(a) k= 35> 
1 fk 
(OY =a Se 


(c) v = 4r? k? p 


ES 
si raa 


The difference between the incident and scattered frequencies in the Raman 
spectrum is called the 

(a) Stoke’s line 

(b) anti-Stoke’s line 

(c) Raman frequency 

(d) P-branch 
Which of the follow 
levels. 

(a) E(electronic) > E(vibrational) > E(rotational) 
(b) E(rotational) > E(vibrational) > E(electronic) 


ing relationship is correct regarding molecular energy 
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18.19 


18.20 


(c) E(electronic) > E(rotational) > E(vibrational) 
(d) E(vibrational) > E(electronic) > E(rotational) 


A š A ondi 
Which of the following diatomic molecules will not give a rotationa 
spectrum? 


(a) NO (b) HF 
(c) N: (d) CO 


BE AE s ; an 
Ths selection rule for the transition in rotational energy levels in the Ram 
spectrum is 


(a) AJ=41 
(b) AJ=+1 
(c) AJ=+2 
(d AJ= 42 


Type B: Multiple Choice (Numerical Problems) 


18.21 


18.22 


18.23 


18 24 


18.25 


The vibrational spectrum of HCI give 


Transition Yo > Vy viva Ve > V3 V3 —> Vy 


v (cm=1) 2880 5668 8347 10923 


The fundamental frequency is 

(a) 2788 cm-1 

(b) 8.64 x 108 5-1 

(c) 1,04 x 101 s-1 

(d) 28.80 m-1 

The fundamental vibration frequency of H, is approximately 
(a) half that of Da 

(b) 1.414 times that of Da 

(c) twice that of Da 

(d) half that of D: 


Tn the rotational spectrum of NO, the series of lines are equally spaced by 


3.326 cm-t, The frequency corresponding to the transition Jz->s is 
(a) 3,326 cm-1 (t) 6.652 cm-1 
(c) 9.978 em-1 (d) 1.109 cm~: 


If the rotational spectrum of HF has lines 41.9 cm-1 apart. The moment of 
inertia of HF is 


(a) 6.626 x 10-27 
41.9 X (22/7)? K (3 x 10%) 


X 6.626 x 10-27 

O XH? O 10") 
6.626 x 10-27 

© Fx aLI x GT x G x 10%) 
.626 x 10-2 

5 (6.626 x 10-27)2 


“4X (41.9) x (22/7)? x Bx 1019) 


If HCl is irradiated with radiation of frequency 68.8 x 1013 s-1, and the 


fundamental vibrational frequency of HCl is 86.0 x 101 s-1, then the Stokes- 
Raman line will be observed at 


(a) 60.2 x 1019 5-1 
(b) 77.4 x 1018 5-1 
(c) 68.8 x 103 — (3 x 10%) x (86 x 1012) 


(68.8 — 8.6) x 10% 
®© 6 626 x 10-27 
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Type C: True or False 


18.26 Inthe Raman spectrum the Stokes lines have higher frequencies than the 
anti-Stoke’s lines. 
18.27 Electronic band spectra are observed in visible and ultraviolet regions. 


18.28 The spectral lines in rotational spectra are equally spaced with spacing equal 
to h/8xIc, 


18.29 When a transition occurs from vibrational energy level v to a higher vibration 
level y’, the energy difference is given by (v’ — v) Avo. 

18.30 Ina polyatomic linear molecule with N atoms, there are 3N-6 normal modes 
of vibration. 

18.31 For the vibrational quantum number change ¥(0, 0, 0) —> (2, 0, 0), the band 

obtained is called an overtone. 

18.32 In rotational Raman scattering, the selection rule for rotational lines is 

aJ=+1. 


18.33 Vibrational transitions are always accompanied by electronic transitions. 


18.34 Raman frequency is independent of the frequency of incident light and is 
characteristic only of the substance exposed to the incident light. 


18.35 The force constant for a diatomic molecule is inversely proportional to the 
vibrational frequency. 


Type D: Fill in the Blanks 
18.36 The vibrational rotational spectrum is observed in 


==> region; 
18.37 When the oscillating molecule is in its lowest vibrational level 


» its energy i 
equal to —————— and is called — i By is 


18.38 In the Raman spectrum, the lines scattering at right angles with frequencie. 
lower than the original are called — —, while those with higher? S 
quencies are called ——————. e- 

18.39 The vibrational transitions in polyatomic molecules, 

»(0, 0, 0) ——> »(0, 0, 2) and x(0, 0, 0) ——> »(0, 1, 2) 


are called ———— and ——. , respectively, 
18.40 In a rotational spectrum, transitions are only observed between i 
r 
energy levels of AJ = —————— grenonal 
ANSWERS 


Numerical Problems 


18.1 (a) 3.308 x 10-1 (b) 142A 18.2 0.176nm 18.3 0.0 

7.68, 11.52, 15.36 18.5 12.8, 25.6, 38.4, 51.2 18.6 1.85 x aay 18.4 3.84, 
1.25 x 10%, 4.13 x 10-*° J 18.8 (i) 1 (ii) 4 (iii) 3 (iv) 6 18.9 inn cm-s 18.7 
18.10 (b), (c), (e), (f). weet KAOTE 


Quiz Questions 


18.11 (b) 18.12 (a) 18.13 (d) 18.14 (c) 1815 (18.16 (6) 18.77 
a 47 (c) 


18.18 (a) 18.19 (c) 18.20 (d) 18.21 (b) 18 

18.25 (a) 18.26 False 18.27 False ie A es (©) 18.24 (c) 
18.31 True 18.32 False: selection rule for Raman spectru Tue 18.30 False 
False: accompanied by rotational transitions 18.34 T or ae 18.33 
near infrared 18.37 4hev, zero Point e > ae 


18.35 Fal 
nergy ] r b se 18,36 
18,39 overtone, combination band 78 40 ra) 8.38 Stoke's; anti-Stoke’s lines 


19 
Statistical Thermodynamics 


The laws of thermodynamics and their applications were discussed 
in Chapters 4 to 8. These laws do not make any reference to the ue 
ture of matter and are applicable only to macroscopic systems. Classical 
thermodynamics neither offers any justification for the existence of these 
laws nora method for direct calculations of thermodynamic properties. 
Any thermodynamic property is either to be measured directly or 
calculated from measured quantities using appropriate relations. 
Statistical mechanics deals with the calculations of macroscopic 
Properties (energy, entropy, etc.) of a system from microscopic proper- 
ties (mass of molecules, their energy levels and intermolecular potential). 
It also justifies the laws of thermodynamics. Itis a vast subject, but 
here we are restricted to the statistical thermodynamics of ideal gases. 


19.1 MACROSCOPIC AND MICROSCOPIC STATES OF A 
SYSTEM 


By a system we mean a thermodynamic system assumed to consist of a 
large number of particles (atoms, molecules, ions, electrons, etc.). In 
the thermodynamic or macroscopic sense, the system is characterized by 
a few thermodynamic variables like V, T, p, etc. While the microscopic 
State of a system is defined by the wave function 4 obtained by solution 
of the Schrödinger equation, in practice it is never possible to obtain 
such a 4 as it is a function of the coordinates of all nuclei and electrons 
of all molecules in the system. However, in principle, we can assume 
the existence of such microscopic states. Corresponding to a macro- 
scopic state, there is a very large number of microscopic states. The 
observed macroscopic property is the average of its valucin all accessible 
States in the system. If X, is the property in the ith microscopic state, 
and P, is the probability of finding the system in that microscopic 
State, the average value X which will be observed experimentally 45 
given by 


PAS PX, (19.1) 


| 
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19.2 PROBABILITY OF A MICROSCOPIC STATE 


If we consider a thermodynamically isolated system at equilibrium, then 
the number of molecules N, volume V, and energy E (within the un- 
certainty limit) remain constant. Corresponding to this energy level, 
the system can exist in a large number of quantum (microscopic) states 
Q. All these states are equally probable and hence the probability of 
each state is 1/Q and 


1 1 
<X> = 2 P, X% = 25% =g ZX (19.2) 
It has been shown that the entropy of the system is given by 
S=k,1nQ (19.3) 


i.e. the larger the number of microscopic states corresponding to a macro- 
scopic state, the larger will be its entropy. In practice, we don’t deal 
with isolated systems. (Generally, we deal with systems at constant 
temperature and constant volume or constant pressure. The probability 
P, of finding a system (with N molecules and volume V, in equilibrium 
with the thermal source at temperature T) in the energy state E, is 
given by 
P< w, eo FilkyT 

where w, is the degeneracy of the system for energy E;. The proportions 
ality constant is 1/Q where 


Q= z Wi e` EilkaT 


(19.4) 
Q is called the partition function of the entire system. 
—E;/kyT - 
p= me ilk wre Elkt wih 
= ae ITED 051 Sy . 
Ewe Ei/kyT Zw, e Eth 


If we know P, it is possible for us to calculate the average property 
of the given system at constant T and V. For example, the average 
energy U is given by - 


1 —E,|ky T 
=E P = Zw, Eie EilkoT 3 Zw E, ky Te © ie 
U E, P; —EjlkyT kT =E; k = 
Zwe Zwe ilka T 
—E;ijk, T 
= k, 7:22 we =k, r: nQ 
UT ro (19.6) 
Other properties can be evaluated in a simi 
simil 
given in Table 19.1. eae SRDS -Teges 


432 Physical Chemistry: Principles and Problems 


TABLE 19.1 Relations between thermodynamic properties and 
Partition function 


U= hr: (22) 
A =-k, Ting 
s =kino +4, r(2B2) 


ahr (252) 


G=—k TMQ 4kT (152) 


eN a lnQ p alng 
dpe kasta (52) + er (2129 


è? In alng 
Car r( 52) ++ ky T (244) 


19.3 MOLECULAR PARTITION FUNCTION 


The energy levels of a system consisting of interacting particles are very 
difficult to evaluate/determine. Here we shall consider a macroscopic 
system consisting of non-interacting molecules. This leads to consider- 
able simplification as the partition function Q can be expressed in terms 
of the molecular partition function q. Let us represent the energy 
levels of molecules as o 1, 2, ... with degeneracies 80, 81, 82+- 9 
à respectively, and the corresponding energy levels and degeneracies for 
the system be represented by Ey, Ey, E, and wo, W1, Ws, .... Then, the 
energy of the system is the energies of different molecules, i.e. 
Ey=e,rte,s+... (19.7) 
where Æ; is the energy of the system and «,, 
1 in state r, e3, 5 is the energy of molecule 2 
If the degeneracy of the system is given 
r, S, . . . of the molecules Er, 8: etc., then 
Q, = 8, g... 
then Q = A Q, eo FilkyT 


ris the energy of molecule 
in state s, and so on. 
by Q; and those of states 


=2 ¢,8,.,.e7Eurten st .. ky T 
g 

=} g, eS r/kT Z g, e~ Se Sky F 
F i 


=t s 
Where the molecular Partition function 
qı = Z g, e CtlkeT 


(19.8) 
s are defined by the equations 


la = Z g, e™ €En S/kyT 


where summation o 
Over all the energy 
to be of the same t 
Q =q (id 
or lnO =N In 


ver r and s indicate that these have to be carried out 


states of each molecule. If all the molecules happ®? 
ype, Q can be written as 


entical localized non-interacting particles) (19.9) 
q 
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N 
and Q= T (identical non-localized non-interacting particles) (19.10) 
or .ln Q = N In Q—N ln NHN [in N! = Nn N—N] 


19.4 FACTORIZATION OF MOLECULAR PARTITION FUNCTION 


As an approximation, the energy €, ofa molecule* can be considered as 
the sum of translational (¢,, tr), rotational (<,, rot), vibrational (e 


$ ? v vib), 
and electronic (€x, e1) energies 


i.e. Er = Eq, trtEj rot HE, vib-HEk, e1 (19.11) 

and also Er = En Ej Ev Ek (19.12) 

Then q=5g,e Sri eS Ej gre = (Em te +€;, rot Ev, vibHEg, c1) /kT 
r v 


öt q=Xg,e7™ tr/kT 3g; e cir tot/kT y geo vin/kT 
n j v 
—ex, a /kT 
Zg, eee al 
a &k 


= Qtr frot vib Jel (19.13) 
i.e. the molecular partition can be factorized into partition functions due 
to different degrees of freedom. These, for different types of molecules, 
are given in Table 19.2. 


TABLE 19.2 Molecular partition function for different degrees 


of freedom 

der drot Eich Fa 
Monoatomic (2% mk, T\?/? ATT: 
molecules ( h? ) 4 ga = Egr k» €l/ Ky 
Diatomic 27 mky T\3/2 87? kT hy|kyT)-1 aan 
molecules ( py) A one (i-e Zen e the 
Linear 3 3N—5 iA 
polyatomic (amet Ay SEAMA E 3 gp e% Mkt 
molecules h oh i 

; A 2 
í (1e =hvilkT ) 
Non-linear 2% mks T\3/2,, 71/2 sere 3N-—6 exe 
X „C 

polyatomic Re ) Var he 5 Z gy t Elka T 
molecules (Ia IeBIc)ta i 


( t—e— lv keT ie 


*We are not taking into account the ener; of differ, i : 
constant in a chemical reaction. However, the nuclear Se A aed Temain 
be calculated in the usual manner. In statistical mechanics, the lowest anuo can 
is arbitrarily taken as zero, Therefore, different molecules ave diffe energy state 
references. To this, we also add the zero point vibrational EP rent zero Point 
total energy is called the zero point energy eọ and zero Seay 8Y (Z$ Av;). The 


—€,/kyT. Partition function 
Qzcero=@ 
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where m = mass of molecule 
h = Planck’s constant 
V = volume of system 
I = moment of inertia of diatomic or linear molecule 
s = symmetry number ofa molecule which corresponds to the number of 


equivalent dispositions of molecules obtained on rotation 
Ia, In, Ic = moments of inertia around 3 principal axes 


v; = vibrational frequency of the ith normal mode. 


EXAMPLE 19.1 Calculate the following for methane at 300K occupying 
volume V = 25/ mol" 


4 
(a) (# ee) 


(b) Translational partition function (molecular) 
Solution 


— _ 0.016 
(a) For methane molecule, m = 602x108 kg 


ky = 1.38 10-28 J molecule-1 deg} 


3 h = 6.62 10734 Js 
Substituting values, 


(= m Bf 


h2 


0.016 à 
(- ot RE 6.02 10 K8 X 1.38 x 10723 J molecule 1X a 


6.02 x 1023 (6.62 10-1 J sje 


= 3.98 x 10101 
m 


(b) Translational partition function 


3/ 
qtr = 2r an ) 2 y 
V = 25 1 = 25x 10-3 m? 
Se qie = (8.98 X 1019) — x(25x10 m) 


= 1,58 x 108° 
EXAMPLE 19.2 What are the values of o for Ip 


Solution We have to find how ma 
gives equal disposition, 


, HI, CH, and CoHs ? 


ny ways of rotation around each 4x!8 
These are then multiplied. 


=p 
HI SSi] 
CH4 = 12 
CoH, =12 


EXAMPLE 19.3 Calculate the rotational and vibrational partition func- 
tions of the HBr molecule at 500K if the internuclear distance i$ 
0.141 nm and the vibration frequency is 265 cm. The atomic mass © 
H and Br may be taken as 0.001 and 0.081 ke moe 
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Solution 
For a diatomic molecule grot = (72th) 
oh? 
Moment of inertia I= pr? 
mms, _ 0.001 0.081 
butip= mı +m N, a Na 
0.082 
Na 
_ 0.001 x 81 
T 6.02 < 1085 X82 
= 0.141 X 10°m=1.41 x 10710 m 
0.001 x 81 
. (Sp eee F —10)2 2 
S I= pr 6.02 X 102 x 82 X (1.41 X 107”)? kg m 


_ sl x 141 x 1.41 


—4 
=F 60D a Cae 
= 3.27 X 10-7 kg mê 
cial Putting other values, we obtain 
2 X 3.14 X 3.27 X 10-47 X 1.38 x 10723 x 500 
rote (6.62 x 10-34)? 
= 3.26 
1 
qui “Ge NAT) 
hy _ 6.62 X 10784 x 265 X3 x 101° 
TEIP = 1.38 X 10-88 x 500 
6.62 X 3 X 265 
= 7,38 x 500 * 10 
= 0.762 


1 
ee vib =i R o 0162 = 1.88 


EXAMPLE 19.4 Two electronic energy levels ofa molecule ha 
racies 1 and 3 for the ground and excited states respectiv 
are 23100 cm™ apart. The ratio of molecules in e 
states is 0.003. What is the temperature of the sys 
electronic partition function with respect to the 
ference state, at this temperature and 500K? 


ve degene- 
Ctively. These 
xcited and ground 
tem? What is the 
ground state as re- 


Solution P, = £i Sae 
Q 
j Bis = 81.4 RASA 
Ta Po Zoe —o/kyT 
but 
n Pi 


eu S ee 
ie T ge (Si 60)/ky T 
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ny §o = (E1 = €n) 

and ln ( na x &1 ) kT 

E1 — & = 23100 X 3 X 101? x £.62 x 10-34 
= 45.87 X-10-29 J 


—45.87 X 10720 
Bk V tocar x 15 


L =45.87.x 408 445.87 4 
or EOD 8S 6.907 * 10 
= 4812.4 K 


ger = goe—ColKoT 4. gi e Et ~ Sod/koT 
If co is taken as zero 


atig T = 4812.4 it is already known that the second term is 0.003 
qeı = 1 + 0.003 = 1.003 
At 500°K, 
t, (e1— £0) 


derı = go e™ “olks x 500 gı e Ks x 500 
=1 +3 x 10-288 


It can be seen that at a lower temperature, ge. js Nearly go as contri- 


bution from other term is nearly zero especially at lower temperature. 
For PAS Molecules go = 1 and for a large number of molecules 
ga © I, 


19.5 THERMODYNAMIC PROPERTIES | 


N TERMS O 
THE MOLECULAR PARTITION TU j 


NCTION 


We have already seen that, for an ideal gas consistin 


g of N molecules in 
a vessel of volume V, at temperature T 


> 


o= (qir arot vib qei 
N! 


= (gir_\" 
TANN 2) (arot qvin qei)" (19.14) 
= qtr 

and In Q=N {in ( n ) + In (grot) + In (aviv) + In (aa)}. 49.15) 


- Expre 


Ic Properties can be calculated. However; 
fore, pressure is given bY 
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ôl 
p= kT 22 -NKT 


2am kT ype e 
pias [r i Hee w} cals ] Nk,T 
= Fy =M 


(19.16) 

Moreover, ei at low temperatures is nearly go. For most molecules 

it is unity. Therefore, In gei is zero. Even if it is equal to go, its differ- 
ential with respect to temperature is zero apd hence does not make any 
contribution to U, C, and H, but does make a contribution equal to 
Nk, ln gto entropy, and hence to A and G also. If, for the molecular 


ground state, the energy is Us , thermal energy is defined by U — US" 
At absolute zero 
U3) =" Ae 4 Ae GS 


19.6 CONTRIBUTION BY VARIOUS DEGREES OF FREEDOM 
TO MOLAR THERMODYNAMIC PROPERTIES OF 
IDEAL GASES 


When N is equal to Avogadro’s number, we get the partition function 
for one mole of an ideal gas from Eq. (19.15). The contributions 
of each term on the right-hand side, corresponding to the different 
degrees of freedom, can be calculated. 


Translational Degree of Freedom 


ee SRT (19.17) 


2 erd FT. —_ 
Se= R[ Fin + 3inm—inp| 9.68 J K~ mol“ (19,18) 
where M is the molar mass in gram and p isin atmospheres. When p = 1, 


Su =R [4 oT +510 m] — 9.68 J K=! mol (19.19) 


This is known as the Sackur—Tetrode equation 
Translational contributions to other properties like H, A, G, etc. can be 


evaluated using the usual thermodynamic relation and knowing U? , 
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Rotational Contribution 


Urot = RT for diatomic or linear molecules (19.20) 
= $ RT for non-linear molecules (19.21) 

Hrot = Urot ; 

Srot = R ( 1+ oS) for diatomic or linear 


polyatomic molecules (19.22) 
1/2 2 k T 3/2 
R [3 Ldn oe £ a kT) }] 


for polyatomic non-linear molecules (19.23) 


Vibrational Contribution 
3N—5 or 3N-6 Nhy; 


hvjky T 
Wi» = en =i (19.24) 
i=1 
hvilk,T hy [kT 
Sop =R DS Pray —In(1~e )] (19.25) 


EXAMPLE 19.5 Calculate the trans] 


Contributions to molar thermal energy and entropy for HC] at 300K 
and 1 atm, if the following data are available. 
M = 36g mol, I = 2.67 x 10-47 kg m?, v = 2888 cm~ 
If go = 1, calculate U and S for HC} 
Solution 


ational, rotational and vibrational 


Translational Contributions 
Using Eq. (19.17), 


Ur = ar * $ X 8.314 X 309 J mol = 3714.3 J moj 
Using Eq. (19.19), 


Str =e[Finr+3 nM | 9.68 J mori xa 


= 8.314[ > In 300 +4 In 36 ] — 9.68 J mol! K-42 
= 153.6 J mol K~ 
Rotational Contribution 
Using Eq. (19.20) for diatomic molecule 
Urot = RT = 8.314 x 300 
= 2494.2 J mol“: 
Using Eq. (19.21) 
Sa SR [ 1+ n( Se T1] 


k o 


ZR ( 105.54 + In -Z 


J mol! 
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l 


R [ 105.54 ain 


8.318 (105.54 — 100.67) 
= 40.36 J mol! K~ 
Vibrational Contribution 


Nh ehy/ks T , 
Uvin = ( Teren WIET ) 

hv = 6.62 X 10-34 x 2888 X 3 X 108 = 5.736 X 10 J 
Nhv = 34,53 X 10 J mol = 345.3 J moi! 


300 X 2.67 X 107%? )] 
1 


ll 


hy 5.736 x 10-2 
kT 1.38 x 10-25 X 300 0.1385 
Nhy 345.3 


Üm = e MieT 1 = ¢0-1385_1 = 9324.5 J mol 
hy 


ket IR 
Svo = r| eT —1 la (1 — e7) ] 


owa 0.1385 
= 8.314 [( 0.1385 _1) Boal ese eb) | 


= 8.314 [ 0.93 + 2.052 ] = 24.8 Jmol K= 
UŻU? = [3714.3 + 2494.2 + 2324.51 J mol 


= 8533 J mol * 
S = 153.6 + 40.4 + 24.8 
= 2188 


19.7 CALCULATION OF EQUILIBRIUM CONSTANT 


For any gaseous reaction 
aA +bBecC i 
m constant K, is related to AG° of the reaction, which can 


the equilibriu 1 
om the partition functions of the reactant and product 


be evaluated fr 


molecules. It can be shown that 7i 
S c 
m 
kpT N\A" (27 kT N\A" CEERI E N DAT 
K,= (= (ae a= - ; 
P ma Ms, arot A x is 
c ó 4 
avin» C g> S Ae? 
AVTE > a ET 
fyi’ A xq vib? B go A x 8B 


Where An = c—a—b-and Asg is the difference in the zero level of energy 
including zero point vibrational energy. 
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QUESTIONS 


Numerical Problems 


19.1 


19.2 


19.3 


19.4 


19.5 


19.6 


19.10 


Calculate the molecular translational Partition function for water at 300°C, 
its molar volume being 45 /. What will be the partition function for 1 mol 
of water vapour ? 

The bond distance in the OH free rad 
rotational partition function at 300°C. 
The vibrational frequency of 
its vibrational partition funct 
The ground state of the mo. 
isatriplet. The energy di 
be the ratio of their popul 
of this excited state to the 


icalis 9.6nm. Calculate its molecular 
a diatomic molecule is 1600 cm}, 
ion at 300, 500 and 1000 K. 


lecule is a singlet whereas its first excited state 
ference between these is 15,300 cm-1, What will 


ations at 500K and what will be the contribution 
partition function ? 


The following data are available for CO, 
C-O bond =1.15A 
vı = 1330 cm-1 | 
Y2 = 2349 3 cm-1 
¥a(2) = 667.3 cm-1 


Calculate 


© entropy and internal energy of one 
at 300 K. A 


Using the data in problem (19.5) and the results of problem (19.6), calculate 
the total partition function for 1 mol of CO: at 300 K. Determine its entropy 
and nergy if the electronic ground state is a Singlet and the excited States at 
this temperature are not po: 


Pulated. Assume that the pressure is 1 bar. 
If the bond distance in Os is 1.207 A, its vibration 


and the ground electronic state is a triplet, 
energy of oxygen per mole at 25°C and 45°C at 1 
its entropy and internal energy, 

Using ihe data in problem (19.8), 
at constant volume, 


al frequency is 1556.2 cm-t 
calculate the Helmoltz free 
atmosphere. Hence culculate 


calculate the Molar heat Capacity of oxygen 


Using the data in problems (19.5) and (19.8) and th 
v (CO) = 2143.3 em, C = 0 = 1.13 

calculate the equilibrium constant for the 

2 CO (g8) = 2C0 (e)+0: (2) 


e following data for CO: 
A 
reaction 


at 1000 K, 


QUIZ QUESTIONS 


Type A: Multiple Choice 


19.11 


19.12 


Which of the followi 
(a) translational Par 
(b) vibrational parti 
(c) rotational partition function 
(d) electronic partition function 
The partition function has th 
(a) energy 


(b) temperature 
(c) entropy (d) a number 


ag has the highest value ? 
tition function 
tion function 


© units of 


19.13 


19.14 


19.15 
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The rotational partition function for a linear molecule depends on 


(a) T, J only (b) J, o only 

(c) o, T only (d) T, I and o 

The vibrational partition function of a diatomic molecule depends on 
(a) Ionly 

(b) vibrational frequency v only 

(c) Iand T 


(d) vand T only 


The translational partition function has the units of 


(a) V (b) 1/7 
(c) P (d) a number 


Type C: True or False 


19.16 
19.17 


19.18 


19,19 
19.20 


19.21 


19,22 
19.23 


19.24 
19.25 


The partition function always increases with temperature, 

The ratio of populations of molecules with no energy difference does not 
change with temperature. 

The bending vibrational frequency generally makes less contribution to the 
vibrational partition function than the stretching vibrational frequency, 

The symmetry number for the oxygen molecule (O 180) is two. 

The degeneracies of rotational levels increase with the rotational quantum 
number. S 

The translation entropy is less than the vibrational entropy for benzene at 
room temperature. 

The translational partition function increases with molecular mass, 

The rotational partition function for a linear molecule increases with its 
moment of inertia. 

The electronic partition function is always one at low temperatures, 

The electronic partition function is g, at low temperatures. 


Type D: Fillin the Blanks 


19.26 
19.27 
19.28 


19,29 
19.30 
19.31 


19.32 
19.33 


19.34 
19.35 


The partition function —————— with decrease in temperature. 
The partition function —————— with increase in molecular weight. 

The rotational partition. function is SS a an the translational 
partition function, but ——— than the vibrational partition function. 
The electronic partition function at —————— temperature is generally 
equal to go: h $ 

The rotational partition function is —————— proportional to the sym- 


metry number of the molecule. 
The vibrational partition function at high temperatures reaches the limit 


At low temperatures, the vibrational partition function is nearly ———____ 


At a given temperature the yibrational partition function —————— with 
increase in vibrational frequency. 

The largest contribution to entropy is from ——————. destee of freedons 
At very high temperatures, for a large molecule, the vibrational energy is 
than the translational energy. 
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ANSWERS 


19.1 q = 8.910", In Q =1.054x10%; Q = ¢!.054x 10% 


19.2 1:63 19.3 1, 1.01 and 1.11 at 300, 500 and 1000 K respectively. 
19.4 2.2X10-?9 19.5 qro = 261.8, Qi = 1.0865 19.6 Sym =3.75 J/K mol 
Ev» = 705.07 J/mol Srot = 54.58 J/K mol Erot = 2493 J/mol 19.7 S = 303.7 


J/K mole Erot = 6937.6 J/mol 19.8 Us9s = 6204.3 J mol-1, Usıs = 6625.86 
J mol™, Sas = 196.4 J mol-1 K-} Sig = 198.5 J mol-1 K7 19.9 21.08 J mol-! K~ 
19.10 5.47 x 10-22, 


a very large number 


Quiz Questions 


19.11 (a) 19.12 (b) 19.13 (a) 19.14 (d) 19.15 (d) 19.16 True 19.17 True 
19.18 False 19.19 False 19.20 True 19.21 False 19.22 True 19.23 True 
19.24 False 19.25 True 19.26 Decreases 19.27 increases 19.28 greater, 


smaller 19.29 0°K 19.30 inversely 19.37 —KT 


hy 19:32 unity 19.33 decreases 
19.34 translational 19.35 greater. 


20 
Kinetics and Catalysis 


Chemical kinetics is concerned with the measurement and interpretation 
of reactions and the influence of the factors (temperature, pressure, 
concentration, etc.) on the reaction rates. The study of chemical kinetics 
helps in the elucidation of reaction mechanisms and development of new 
chemical processes which can give a good yield of the desired products 
in the minimum possible time. 


20.1 RATE OF A CHEMICAL REACTION 


The rate of a reaction may be expressed as the rate of change of con- 
centration of any reactant or product of the reaction. For a reaction 
of the type 
A+B-——>P 
the rate may be expressed either by the rate of formation of the product 
or the rate of disappearance of any of the reactants, i.e. 
; d[A] d[B] _ d[P] 

Rate ofthe reaction = — Sa TE E (20.1) 
The negative sign in case of reactants A and B implies that the con- 
centration of the reactants is decreasing and the rate becomes positive 


in either case. 
For a general reaction, 
aA + bB —> IL + mM 
it has been agreed, by convention, to define the rate of reaction by 


d{A 1 d[B] 1 d{L] 1 d[M] 
(y = = ca sR eae 1 dt m dt (20.2) 


20.2 ELEMENTARY AND COMPLEX REACTIONS 


Most reactions do not occur in one step but take place ina sequence of 
steps, involving the reactant and reactive intermediates, to finally give 
the products. Such reactions, Which take place through a sequence of 
two or more steps, are called complex reactions. The various Steps or 
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reactions which contribute to the overall reaction are called elementary 
processes or elementary reactions. : 

The degree of complexity of the reaction or the number and nature o 
the elementary reactions depend upon the reacting system itself. 


20.3 FACTORS INFLUENCING RATES OF REACTIONS 


Some important factors which influence rates of reactions are: 
(a) Concentration of the reactants 
(b) Temperature of the system 
(c) Pressure Over the reacting system 
(d) Nature of reactants and products 


(e) Presence of external agents like (i) inert substances (ii) catalysts 
(ii) radiations, etc. 


20.4 RATE AND ITS DEPENDENCE ON THE CONCENTRATION 
OF THE REACTANTS 


In general, the rate of a reaction o; 
aA + bB +.. 
is given by the equation 
Rate =f(Ca, Cp...) 
where f is the mathematical function of Ca, Ch, . 
concentraticns of the various reactants i 
the kinetic study of the reaction, 
reactants on the rate of many reactions has been found to be 
Rate = k CA ”A Cy"B 
where k is a proportionality constant know 


mA, nB, .. . are the powers of the concentrations of reactants A, B,.-- 
on which the rate of the reaction depends. Expression 20.4 is also 
known as the rate law equation. 


f the type 
A Sarat aay 


(20.3) 
.. which are the 
n the system. However, from 
the dependence of concentration of 


(20.4) 
n as the rate constant and 


20.5 MOLECULARITY AND ORDER OF A REACTION 
Molecularity is the number of reacting species (molecules, atoms 
or ions) which collide simultaneously to bring about a chemical reaction 
in an elementary reaction. Ifthe reaction involyes the decomposition 
of a single species, it is called unimolecular, e.g. 

——> propane 

ar 


Cyclo propane 


Similarly, the bimolecy] and termolecular reactions are: 


bimolecular : 2777 (s) —> Ha (g) + I, (2) 


termolecular : 2CH; -+ y—, CoH. + M 
where M is any molecule acting as a third body. 
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It may be noted that reactions involving a molecularity of three or 
more are uncommon. This is because such reactions require the simul- 
taneous collision of three or more molecules, which is rare. However, 
it has been observed that some reactions involving three or more mole- 
cules are quite fast. Such reactions do not occur in one Step, but ina 
sequence of two or more consecutive steps (called complex reactions), 
The detailed description of the various steps (elementary reactions) by 
which reactants charge into products is called the mechanism of the 
reaction. 

In such reactions, the overall chemical reaction does not provide any 
clue to the number of molecules colliding (except in Single step reac- 
tions). Hence, molecularity has no meaning for the overall reaction. 
It is concerned with each elementary step or reaction which proceeds 
through one step only. 


Order of a Reaction 


If the rate of a reaction is directly proportional to na power of the 
concentration of ‘A’ and np power of the concentration of ‘B’ (as 
expressed in Eq. 20.4), the reaction is na order in A and ms order in B. 
The overall order of the reaction is na + ns. In general, the reaction 
order with respect to a particular substance is the exponent of the con- 
centration in the rate equation. The overall order is the sum of all 
exponents. Thus, if rate of a reaction 
aA + b6B+cC+...—— Products 


is Rate = k(A]"4 [B] [Q C... 

Then, order 7 of the reaction is na + nB + nc +... 

It may be noted that there is no relation between the stoichiometric 
coefficients a, b, c and the order wrt of the reactants na, nB, nc, ... fora 
complex reaction. Further, it is not necessary that ma, mp, .. . are whole 
numbers, these can be fractions as well. Forexample, the order for the 
decomposition of acetaldehyde into methane and carbon monoxide is 1.5. 
The order of a reaction has always to be measured experimentally. In 
certain cases, the rates of the reactions and concentrations cannot be 
expressed by a simple relationship (as Eq. 20.5) as the relationship is 
very complicated. As a result,- the order of such reactions cannot 
be defined. 

Exampce 20.1 (a) Write the differential rate equations for the following 
Single-step reactions: 
(i) 2NOz (g) —> 2NO (g) + O: (g) 

Gi) A + 2B + C —> 3D + 2E (hypothetical) 

(b) The reaction A —-> B has been found to be second order with 
respect to A. 

(i) Write the rate expression for this reaction, 
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(ii) What are the units of its rate constant if the concentrations are 
expressed as mol dm™ and time in seconds. 


Solution (a) The differential rate equations: 


: d[NO.] d[NO] _ LOJ _ 2 
(i) Fue Se “ade © INO] 


d [A] Ci AE — g ZIE]. 2 
a a ta = Eac 

(b) (i) For the reaction A —> B, order has been found to be 2. 
Therefore, rate depends upon the square of the concentration 
of A. Thus, 


ZITATE rap 
Rate = —-ZIAl _ k fa] 


(ii) Now, rate is the change in concentration with time, expressed 


in terms of mol dm=? 5-1, ang concentration of A is mol 
dm=. This means, 


mol dm™ s = k (mol dm=)? 
or k = mol dm? 52 


20.6 INTEGRATED RATE EQUATIONS FOR DIFFERENT 
ORDER REACTIONS ~ ~ 


Zero Order Reaction 


In this case, the rate of the reaction is inde 


' pendent of the concentration 
of any reactant in the system 


Rate = -C = KCP = k 


Tbe concentration of the reactant 
Cc =- Co = kt 
PGC 
k= Sa 


Cat any time t is given by 


or 


While Co is the initial concentration, 


First Order Reaction 


For the reaction A —_, Products 
dC, 


Rate = — dt *Caandk = 2303, log ca (20.5) 
A 
and Ca = Ca, et (20.6) 


If at t = 0, concentration of A, Cay 


= a, and at time ż, concentration 
of A, Ca = (a — x), then 


— log Ges (20.7) 
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Second Order Reaction 


For the reaction 
2A —— Products 
dCs Pa 1 
We kC, and k = Car Or (20.8) 
If at ¢ = 0, concentration of A, Cao = a; and at time f, conce 3 
tion of A, Ca = (a—x), then 5 poa 


peg äs] 
t a (a—x) (20.9) 
For the second order reaction of the type 
A + B ——> Products 


Rate = — 


dCa _ _ dcg 
Eae ei = kCa Ca 
Ca Cro 
ae k t [Cao— Cro] la Cao Ca (20.10) 
geal a (b—x) 
or = NOZNA {5 (a—=x) (20.11) 


where a and b are the initial concentrations of A and B, respectively. 


Third Order Reaction 


For the reaction 
3A —— Products 


dCa re 3 = gsi S Aal 
Rate = — -h = kCa and k = >, a o ] (20.12) 
0 


nth Order (n>2) Reaction 
For the reaction 
A—— Products 


dC. n 
Rate = — ae = kC, 


1 lhi | 20 
and k= t@—)) eee Cia, ( .13) 


EXAMPLE 20.2 The rate constant of a zero order reaction is 
0.2 mol dm~? h. What will be the initial concentration of the reactant 
if, after half an hour, its concentration is 0.05 mol dm=3 ? 
Solution The concentration of the reactant (C) after time ris given by 
C=C — kt 
C=0.05, k=02moldm*h, t=th 


initial concentration, Co is given as 
er "ae C + kt =0.05 + 0.2 x 4 
= 0.15 mol dm“ 


EXAMPLE 20.3 The decomposition of hydrogen peroxide into water and 
oxygen has been found to be of the first order. The kinetics can be 
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: A in inst 
followed by estimating the concentration of H02 by titrating agains 
standard KMnO4. 


The following data have been obtained. 


Time (min) 0 20 30 40 50 60 70 
Conc, of H:0, 


(mol /-1) 9.1297 0.1077 0.09672 0.08482 0.07830 0.07076 0.06145 


Calculate the value of the rate constant. 
Solution The value of k can be calculated from the Telation 
k= 2303 [ log a—log (a—x) ] 


Time (min) Conc. of H:O; k 
(a—x) 
0 0.12970 = 
20 0.10770 0.0093 
30 j 0.09672 0.0099 
40 0.08482 0.0106 
50 0.07830 0.0101 
60 0.07076 0.0101 
i 0.06145 0.0107 


The value of k is almost Constant and the mean value is 0.0101 min. 
The value of k can also be cal- 


culated by drawing a graph bet- 
ween log (a—x) and t. The slope 


has been found to be (Fig. 20.1) 
equal to — 4:4 x 10-3 and 


-0. 
a= —2.303xslope _— Š A 
= — 2.303 X (—4.4 x 10-2) iene 


= 0.0101 min 


-1.57 “ 
EXAMPLE 20.4 (SI Units) Crowell 
‘and Hammett Studied the kinetics 
of the following Teaction at 310.5 K, 


slope==4-40x10° 


O20 2 a CA 
t/min ———> 
FIG. 20.1 Graph between log (a—x) and t 


% CoH; Be 8.0% 2,7 CsH7S20,- + Br- 


The reaction Was 


i Was found to be of Second order. They followed the 
Teaction by the titration of the free thiosulphate ion against iodine solu- 
tion and obtained the following data: 

Time(s) 0 1110 2010 - 3192 5052 7380 
Conc. of $:03%- 0.0966 0.0904 0.0863 0.0819 0.0766 0.072 
(mol dm=?) x 
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Solution Fora second order reaction, the rate eee is given as 

ae 1X 2.303 ler b(a—x) _ 2.303 [ lo 24 lo a— z] 

t (a—b) a (b—x) t (a—x) 5 Epas 
Let the concentration of the S.032- ion = a—x 
Initial concentration of S:0:° ion = a = 0.0966 mol dm-3. 
aoe x = a—(a—x) 

The initial concentration of n-C;H,;Br = b = 0.0395 
(b—x) can be determined at different times. Substituting in the above 
relation, k can be calculated. 


Time (s) Conc. of $:032- x Conc. of C;H,Br k 
mol dm-3 mol dm-3 (b—x) mol dm~: mol-1 dm? s-1 
(a—x) 

0 0.0966 0.0000 0.0395 — 

1110 0.0904 0.0062 0.0333 0.001653 
2010 0.0863 0.0103 0.0292 0.001649 
3192 0.0819 0.0147 0.0248 0.001649 
5052 0.0766 0.0200 0.0196 0.001626 
7380 0.0720 0.0246 0.0149 0.001617 


Mean value of rate constant = 1.64X 1073 mol dm? s7™* 
Alternatively, the above equation may be written as 
k (a—b) f 
2.303 


log = = log > IF 


A graph (Fig. 20.2) is drawn between log 5 => and ¢ so that slope 
k (a—b) 


= 2303 ` The slope of the graph is 0.4071 X 10-74 so that 


2.303 
hah) x slope 


= 2:303 . a 3 
=-0.0571 * 0.4071 x 1074 = 


= 1,64X 1073 mol! dm? s~4 


SLOPE =04071 x10" 


1000 2000 3000 4000 5000 6000 7000 8000 


TIME(s ) ———» 


FIG. 20.2 Graph of log — and t 
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20.7 FRACTIONAL LIFE PERIOD—Half Life Period 


of the reactants to one half, and is expressed as t+ When one half of 
the reactant has been used up, a—x = a/2, 
For the first order reaction, substituting a—x = a/2 in Eq. (20.7) 


i 2.303 log2 = 0:693 (20.14) 
2 k k 


Thus, the half life period for 
of the initial concentration. 
For a second order reaction, using Eq. (20.9), 


the first order reaction is indep:ndeat 


weet The. 5 
NEO Cars 
Similatly for a third order reaction 
i 3 
SLA Gres eae 
and for the nth order reaction 
: oe, DyN 

Ph. E yay. (20.17) 
EXAMPLE 20.5 The half-life Period of a Teaction of the 
300's. Calculate its rate constant in seconds and minutes, 

Solution Fora first-order Teaction 


first order is 


5 0.693 
È k 

0.693 

k = SEET, 

ty = 300 s 
k — 0-693 


300 ~ 2,31 X 10-3 s-1 


and k =231x 10x60 = 0.138 min“ 


EXAMPLE 20.6 The half-life Period for a certain first order reaction is 
2.5X103 s. How long will į 


it take for 1/5 to be left 
EAT or 1/5 of the reactant to 


Solution For the first order Teaction, 
0.693 


SRE 
Now’ 4 = 25x108 
k = 0.693 


2.5X 108 = 2.77Xx10-74 ga 
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Let the time taken for the reactant to decrease in concentration to 1/5 
bet’. Then, 


ai— 1 (say) 
and (a—x) = 1/5 
sothat t = 2303 og -= 
A ee e 
TEXO 1/5 
= 5.8 X103 5 


EXAMPLE 20.7 A reaction is second order in one of the reactants and 
the rate constant is 0.5 mol-! dm? min“, What is the half-life period 
if the initial concentration is (i) 0.2 mol dm-® and ii) 0.1 mol dm=3, 
Solution For a second order reaction, 
alas 
A ka 
k = 0.5 and (i) a = 0.2 mol dm-3 
1 
4 = 0.5 molt dm’ minX 0.2 mol dm 
= 10 min 
(ii) when a = 0.1 mol dm~? 
1 
f = 5 mor dm? min“) x(0.1 mol dm) 
= 20 min 


20.8 METHODS OF DETERMINATION OF ORDER OF A 
REACTION 


The following are the methods for the determination of the order of a 
reaction: 


From the Differential Rate Equation 


If rı and rq are the rates of reactions at concentrations Cı and C; ofa 
reactant, while other factors such as concentration of the other reactants 
and temperature are constant, 


r. (Cae 

Spat (a) (20.18) 
where 7 is the order of the reaction with Tespect to the reactant under 
consideration. This may also be expressed as 
— log 71 — log ra 
~ log Cy — log C: (20.19) 
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From the Integral Rate Equation or Hit and Trial Method 


This can be done in two ways: 
Graphical Method 


In this method, an appropriate function of the concentration is plotted 
against time. The resulting curve will be a Straight line only for the 
case in which the appropriate integrated equation has been used. 
Analytical Method 


In this method, the value of k may be calculated by using different 
integrated rate equations (refer 20.5) at different tj 


correspond to the order of reaction for that integrated 
is a hit-and-trial method and one must try different e 
finally getting the correct answer. 


Half-life Method 
This method is based oa the principle thatif 


in a reactant, the half-life period is inverse] 
power of its initial concentration, i.e, 


equation. This 
quations before 


a reaction is of the nth order 
Y Proportional to the (n—1)th 


è 
Thus, if the half-life period 
centrations are known, 


or p eO 


This method can be generalized to an i ife ti 
} y fractional lifi d the 
equation can be used as such, pete. T 


Method of Isolation (Van’t Hoff) 
This method is used to find the or 


min “1, What is the order of the 
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Solution Order of the reaction, 


Ha 
_ log rı — log rə log To 
log Cı — log Cə CL 
i log Ca 
ry = 2.7X107 mol dm™ min, re = 0.3 X 10-3 mol dm™? min- 
Cı = 0.15 mo! dm™8, C = 0.05 mol dm™? 


2- 1X 10z8 
log 63x10% log 9 _ 0.9542 
; (233) ~ log3 0AIL ~ 

0.05 

EXAMPLE 20.9 The half-life time for the conversion of ammonium 
cyanate into urea at 303K, at initial concentrations of ammonium 
cyanate of 0.1 mol dm™ and 0.2 mol dm~, are 1152 min and 568 min, 
respectively. What is the order of the reaction ? 


2 


n= 


Solution In terms of half-life times at different concentrations, the order 
of the reaction, 


, 


t 


log Fu 
n a 
log 2 
Co’ 
oy = 1152 min, Co’ = 0.1 mol dm~? 
te = 586 min, Co” = 0.2 mol dm=? 
log 1152/568 , 1 0.3071 eh 
log 0.2/0.1 | 0.3010 


= 1.02 + 1 = 2.02 
Thus, the order of the reaction is 2. 
EXAMPLE 20.10 Determine the order of reaction from the following data 


Conc. of A (mol dm-3) 1.00 1.00 0.02 0.04 
Conc. of B (mol dm-?) 0.02 0.04 1.00 1.00 
Rate of reaction 

(mol dm~? min™1) 4.6x10-4 9.2x 10-4 9,2x 10-8 3.68 10-5 


Determine the true rate constant also. 
Solution When the concentration of A is very large and constant, the 
rate depends on the concentration of B only. Therefore, np (the order of 
the reaction with respect to B) is calculated from the relation, 

p = jog r/r 

log Ci/C. 
rı = 4.61074 mol dm73 min t. C = 0.02 mol dm™3 
re = 9.2X10™ mol dm™? min, C, = 0.04 mol dm=3 


l 
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4.6 1074 
los 92x10 _ —0,301 i 
gE 0.02 —0.30i 
log 0.04 


When the concentration of B is very large and constant, the rate 
depends on the concentration of A, so that 
— log ry'/rs' 
eet log C,'/C,’ 
ry’ = 9,.2X 10-6 mol dm~? min-, Ci’ = 0.02 mol dm~? 
T2 = 3.68 x 1075 mol dm~? mint, C? = 0.04 mol dm=3 


log 9.2 1076 r 
£ 3.6810 ~0.602 _ 
E eaLOOIET E 
°8 0.04 
Therefore, the order of the reaction n = na + 7p 
=2+1=3 


The rate expression may be written as 
Rate = k Ci Cr 


Rate 
and the true rate constant, k= O 
This may be calculated as 
—_ 46x10 
@ k= (1.00)? 0.027 = 2.3X 107? mol-? dms min”! 
Tå 
() k= 9.2% 10 


(1.00)? (0.04) = 23X107? mol? dmé min 


9.2 1078 
(ID k= (0.02)? (1.00) = 2.31072 mol? dms min”! 


3.68 x 10-5 
av) k= TN = 2.3X 107? mol~® dm® min- 


Thus, the true rate constant = 2.3 X 10-2 mo]? dm? min 


20.9 TEMPERATURE DEPENDENCE OF RATE OFA REACTION 
According to Arrhenius’ law, 
k= 4 ¢—®.jRT 
ee A ae 
POE 2303 R (4-- ' 
where A is the frequency factor, E, is the activation energy and kı and 
ke are the rate constants at T; and Ties 


EXAMPLE 20.11 The rate Constants of a reaction at 27°C and 37°C are 
1.3X 10-3 s™1 and 2.6 10-3 s™l 


»Tespectively. Determine its activation 
energy and the frequency factor, 


Solution According to Arrhenius’ law, 
kz bet E ( 


Ta 
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_ 2,303 R (log kalkx) Tı Tz 


or Ey = Te 
ky = LOS ky = 2.6X 1073 s71 
T, = 2733+27 = 300 K, T, = 273+37 = 310 K 
A 2.61078 
2.303 X8.314X (ios 73x10 io) x 310 300 
Bo 310x300 
= 53,6 kJ mol 
Now, k = 4 e EalRT 
Ea E, 
or log k = log A — Rr log A = log k+ pr 


53.6 108 
= o 73 p a 
log A = log 1.3X10° +7303x8.314x300 


= 3.1139+9.3312 

6:4451 

or A = 2.787X 108 SA 

EXAMPLE 20.12 The following data have been obtained for the rate 

constant of the decomposition of a compound in the gas phase: 
T(K) 700 730 -760 790 820 850 

k (mol-1 dm? s71) 0.016 0.038 0.108 0.352 0.79 2.2 
Calculate the value of the activation energy for the reaction. 


Solution The Arrhenius’ equation is 


E, 
loge lee A E503 RT 


The plot of log k vs 7 should give a straight line 


logk —1.796 1.420 —0.966 —0.453 —0.102 0.342 


-4 1.43x10-3 1.36x10-3 1.32x10-7 127X10- 122X103 =. 1.18 x 10-3 


A plot of log k vs 1/T is showa in Fig, 20.3. The slope has been 
found to be —9860. : 


Now slope = — 7303 R 
or E, = —2.303 x 8.314 x (slope) 


= —2.303 x 8.314(—9860) 
188.8 kJ mol 
EXAMPLE 20.13 The activation 
energy for the decomposition of 
NO; is 103 kJ mol. 

(a) What will be the ratio of 
their rates at 0°C and 25°C (the 
rates being measured at the p 
same concentration of reac- FIG. 203 Plot of lo ; 

+ AU, gk ys I i 
tants)? $ IT for reaction 


I 
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: on -3 min™t, 
(b) If the rate constant of the reaction at 25 C is ee 
calculate the rate constant for the reaction at 0°C an . 


nE f 
Solution Let k, and kz be the rate constants for the ET AERAR 
N20; at T; (273 K) and T, (298 K), respectively. According to Arrhe 

law, 


ke___E, [4] 
log K 2303R L T 
E. = 103 kJ, R= 8.314 J K-1 mol 


ka 103 x 108 Al |: 
(a) log ki — 2.303 8.314 L 273 298 
= 1.653 
or have 45 
ky 


ta k 


== = 45 
Ty ky 
(b) Arrhenius’ law, 
ity S [4-- pte 
ky 230R LT, T, 


Tı = 273+25 = 298 K, kı = 21073 min“! 


T: = 273 K, ees 
Top eae a LOS STORE SE 
22x10% ~ 3303x8314 298 273 
ka 
2x10 = 0.0223 
ks = 4.45 10-5 min-1 
Similarly, at T, = 273+50 = 323 K, k, =? 
T, = 298 K, kı = 210-3 min- 
log M2 — _103 102 Dee a ] 
2X10  2.303x8.314 | 298 323 
= 1.397 
or ka 


3x10 = 24.946 


5 
Il 


4.99 x107? min-1 


20.10 COMPLEX REACTIONS 
Parallel or Concurrent Reactions 


In such reactions, the reactants are consumed by two or more reactions 
Which may have different orders of reactions, taking place simultane” 
ously. For example, in a System containing NO» and SO2, NO, is con- 
sumed in the followin g two reactions; 
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ky 
2NO2 — N20. 


ka 
NO, + SO; > NO + SOs 
The rate of disappearance of NOz will be the sum of the rates of the 
two reactiors, i.e- 


=A [NOs] _ 2%, [NO;] + ke [NO] [S04] 


Consecutive Reactions p 
In such reactions, the reactants form a stable intermediate compound 
before they are finally converted into the products, For example, A is 


first converted into B and then B is converted to C as 
kı ka 
A >B —> C 
In these reactions, each stage will have its own rate and rate constant. 
If we start with pure A, the concentration of A will always decrease, 
while the concentration of B will first increase and then decrease, passing 
through a maximum. The concentration of C will always increase. 


Reversible Reactions 
In such reactions, products start reacting to give back the reactants. 
For example, in the reaction 


ky 
2NO2 T N04 
The rate of disappearance of NO» is 


— HINO] L 9%, [NO] — ke [NO 


The rate constants kı and kə can be determined if the equilibrium 
constant is known. . j 


Chain Reactions : 
These reactions proceed in a number of steps and involve reactive species 
(like atoms or free radicals) before the final products are formed. For 
example, the decomposition of acetaldehyde 

CH;CHO —— CH; + CO 


has the following steps: 

Chain initiation CH;CHO —~> CHs Y CHO 

Chain propagation CH, + CHsCHO —-> CH: + CH,CO 
CH;CO —-+ CH; + CO 


Chain termination CH: +CH ——> C:Hs 
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The rate of the reaction has been fourd to be 
Rate = k [CH;CHO}/? 
This can be derived from the steady state hypothesis. 


20.11 THEORIES OF REACTION RATES 


Transition State Theory 


According to this, the reactants are first converted into a 
activated complex which is assumed to be in equilibrium with 
the reactants. The activated complex has only a transient existence and 
has the attributes of a normal molecule, except for one of the vibrational 
degrees being converted into translational along the Teaction coordinate 


leading to the formation of the products. The energy variation along 
the reaction path is shown in Fig. 20.4. 


Activated a Complex 


7 
EQ(f) \ | 
Eg(b) 
> 
o A+B oe 
3 Reactants 
w 
C+D 
Products 


= St Sa eee 
REACTION PATH a 
FIG. 20.4 Energy variation along the reaction Path in the 
activated complex theory 


According to this theory, reactants A and B are first converted into 
the activated complex (X)*. The Process may be written as 
A+B=X*_., coup 
According to this theory, 
kT AS*"R —AH*/RT 
k= Fe e 
t 
or k = ca eu IET 
where AG*, AH* and AS* are the free energy, enthalpy and entropy of 
Activation, k, is the Boltzn 


The enthalpies for the forward and backward reactions are related 
to enthalpy of reaction as 
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AH = AH* (forward) —AH* (backward) 
For a gaseous reactions, AH* and Arrhenius activation energy E, are 
related by the equation 
AH* = E, — nRT 
where n is the molecularity of the reaction. 
For a reaction in solution or in the liquid state, 
(INGE Ji ITY 


Collision Theory 


According to this, molecules react on collision but only those collisions 
in which the colliding molecules possess a certain minimum amount of 
energy are effective. According to this theory, 
—E,|RT 
k = p Ze 

; ca + op \? 8k ae os 

where Z = m | èt ox and og are the diameters 
2 7 MA mB d 

of molecules A and B with masses ma and mn, ks is the Boltzmann 
constant, Æa is the activation energy and p is a steric factor. 
EXAMPLE 20.14 The rate constant at 27°C for a reaction is 1.3.x 1078 5-1 
and its frequeacy factor is 2.785X 10° s71. Determine its entropy and 
enthalpy of activation. A 


Solution 
az MoT ,aS*/R 
A 


i, Kyle EENS 
or log A = log 5 Ya a03R 

A = 2.785108 s71, k = 1,.3X107 s3, T = 2713+27 = 300 K 

h = 6,62 X107” erg s, = 1.98 cal K™ mol“ 
o 1,38X10-2x300, ASS 

log 2.785% 10° = los 62x107 ` 198x2303 
z AS* 

6.4448 = 12.7963 +798 %2.303 


AS* = —29.05 e.u. 
Now, k = BT eAS*IR xg AH IRT 


= TAE 
AH* 
leg ks log eee 
og k = log 4—7 303 RT 
log 1.3X 10-8 = log 2.785% 10° — ewe 


2.303 x 1.98 x 300 
AH* 


2303x 1.98 x300 ~ © 4448—3.1139 
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= 9.3309 
AH* = 12.8 kcal mol 


20.12 STEADY STATE HYPOTHESIS 


According to the steady state bypdthesis, the rate of change of concentra- 
tion of the reactive intermediates is assumed to be zero, i.e. 


where C, is the concentration of the Teactive intermediate. For example, 
the rate of decomposition of acetaldehyde can be obtained by using 
steady state hypothesis - 


AE 
dt 


k, : 4 
CH:CHO —> CH; + CHO 
: kı b 
CHs + CH:CHO —> CH, + CH:CO 
o kEi: 
CH:CO —> CH; + CO 


è 3 k, 
CH: + CH: —> C,H, 


; According to the steady state hypothesis, 
d [CH : 
TE L 0 = hICHCHO]—k[ĊH;] [CH:CHO] +k[CH:ĊO] 
a 


—k[CH;]? 

d A A ° “ ef} 

and whee = 0 = k[CH;] [CHsCHO]+ks[CH;CO] (i) 
From (i) and (ii), 


(i) 


ka [CHa]? = k, [CHsCHO] 


; a 
[ena] = (42) [cHcHot 
The rate of reaction is given by 
2a A À 
=A CHCHO] = kı [CH;CHO] + k, [CH] [CH;CHO] 


Since the chain initiation step is much slower than the chain pf 
Pagation step. 


=d[CH;c + 3/2 
Gee! = ke [CH] [CHsCHO] = ka (41) [cH.cHOl 
t le 
Rate of decomposition of acetaldehyde = k [CH;CHO]/? 
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20.13 CATALYSIS 


It has been observed that, in many cases, the rate of a reaction is 
considerably affected by the presence of some foreign substance in the 
reaction mixture. This added substance is called a caralyst. 

A substance which can influence (enhance) the rate of a chemical 
reaction and is recovered at the end of the reaction without any change 
in its chemical composition is called a catalyst and the phenomenon is 
called catalysis. 

Let us define some terms used in catalysis. 


Auto Catalysis 


In some reactions, the product formed is itself a catalyst and, therefore. 
the rate will become faster as the reaction proceeds. Such reactions 
are called autocatalysed and the phenomenon is known as autocatalysis. 
For example, oxidation of oxalic acid by the permanganate ion is cata- 
lysed by the Mn?* ion, which is also a product of the reaction: 


2MnOs” + 6H* + 5(COOH): = 2Mn** + 10CO: + 8H.0 


Promoters 


Some substances do not act as catalysts but enhance the efficiency of a 
catalyst. Such substances are known as promoters, For example, M, 
acts as promoter in the synthesis of ammonia by the Haber Process, in 
which iron is used as a catalyst. 


Negative Catalysts or Inhibitors 


A substance, which instead of increasing the rate of a reaction actually 
decreases it, is called an inhibitor or negative catalyst. These are also of 
industrial importance and are used in stabilizing otherwise unstable 
substances. For example, small amounts of acetanilide are added to 
commercial hydrogen peroxide for stabilization. 


Catalytic Poisons 


Impurities in the reactants sometimes adversely affect the efficiency of a 
catalyst. Such substances are called catalytic poisons. 
in the Contact process in which SO. and O, 
to give SOs, the catalyst is adversely effected 
(called catalytic poison). 


} For example, 
combine over the catalyst 
by the presence of arsenic 


20.14 CHARACTERISTICS OF CATALYSED REACTIONS 


(a) The amount and chemical composition of th ; 
unchanged. ° catalyst remaing 
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Time _ @ k _2.303 og Co k ail -[4-a] 
min moldm== min-* ¢ C mol-!dm? min? t C Co 
0 0.1000 — — 
10 0.0714 0.0343 0.400 
20 0.0556 0.0342 0.399 
40 0.0385 0.0239 0.399 
100 0.0200 0.0161 0.400 
125 0.0167 0.0062 0.399 


It can be seen from column 3 that k is not constant. Hence the reaction 
is not of first order. Let us now try the second order rate equation, 


1 1 1 
hee =(( Ca on) 


It can be seen from column 4 that the second order k is nearly 
constant at different times. Therefore, the given reaction is second order 
with rate constant 0.400 mol dm? min ?. 


EXAMPLE 20.16 Show that, for the nth order reaction in A, the rate 
constant 


Pe es [tar =a le 
t(m—1) L [A] [Ao] 
and half-life period 
Poet i a) Oot 
$ (m—1) k, [Ao] 
where [A] is the concentration of A at time ¢ 
Solution Consider the reaction 
A —— Products 
For the nth order in A, 


Rate = — aia) RTA 
WAS. 
or NT dt 


On integrating, 


1 1 
aci la kt + constant 


= AEA 1 
At t=0, constant = CDAS 


= A Ps eal 
Oe kt = n—\ lma a | 


aL a a aa 
or b= FH) ere aa 
The half-life period can be calculated as 
At time = tp [A] = [Aol/s 


or 
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i} = [Ta E a is 


Reece lacap) o hel 
bee? (A 
= Ga 
QUESTIONS 


Numerical Problems 


20.1 


20.2 


20.3 


20.4 


20.5 


20.6 


The reaction A ——> P has been found to be third order with respect to A 
(a) Write the rate expression for the reaction. 
(b) What are the units of its rate constant if the concentrations are expressed 
in mol dm~? and time in min. 
(c) Show that for this reaction 
fas 
4 2ka® 
where a is the initial concentration of A and ty is the half-life time. 


(SI units) In the reaction 
2N20, ——> 2N:04 + O: 
the concentration of NOs; changes from 0.3 mol dm~? to 0.024 mol dm-3, in 
30 min. Calculate 
(a) -the average rate of disappearance of N20; 
(b) the average rate of the reaction 
(c) the average rate of production of oxygen 
(SI units) The rate of a first order reaction is equal to 1.3x10-3 mol dm-3 
s-1 when the concentration of the reactant is 0.26 mol dm-%. Determine 
the first order rate constant in seconds, minutes and hours. 
(SI units) What will be the initial rate of a reaction if its rate constant is 
10-3 min- and the concentration of the reactant is 0.2 moldm-?? How 
much of it will be converted into products in 20 min ? 
The acidic hydrolysis of ethyl acetate taking place according to the reaction. 
Ht 
CH;COOC,;H;+H:0 —-> CH;sCOOH+C;H;0H 
is first order in ethyl acetate, water and hydrogen ion, However, due to the 
large concentration of H:O (=55 mol dm~?) and constant concentration of H+ 
(acetic acid produced during the reaction remain undissociated) the reaction 
becomes first order in ester. When the hydrolysis was carried in 0.5 M HCl 
by titrating the reaction mixture against 0.1 N NaOH, the following results 
were obtained: 


Time (min) Oe M20 CA ASE S J0 NOG S136 a 


Vol. of 0.1 N 
NaOH required 23,7 27.7 27.2 29.7 30.8 32.1 341 36.4 41.4 


t 


(a) Determine the pseudo first order rate constant 

(b) What will be the true third order tate constant ? 

The following data for the decomposition of azoisopropane at 270°C was 
obtained: 


Time (s) 0 180 360 540 720 
Pressure 35.15 46.30 53.90 58.85 
(torr) 


1020 
62.20 65.50 


Find the order of this reaction and the rate constant 
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20.7 


20.8 


20.9 


20.10 


20.11 


20.12 


20,13 


20.14 


20.15 


20,16 


20.17 


20.18 


20.19 


20.20 


i eutralisa- 
The saponification of methylacetate by an alkali was foina a kt O 
tion of the alkali by an acid. Determine the order of = RE ata 
initial concentrations of methylacetate and sodium hydroxide arı 


s : i intervals 
to 0.01 M and the concentration of sodium hydroxide at different 
was 


15 
Time (min) 3 5 aes ose 
Concentration (NaOH) 0.00743 0.00635 0.00. . 
(mol dm=?) 


i its half 
In 50 min, a first order reaction goesto 40% completion. Calculate it: 
life period and the rate constant for the reaction. 


The reaction SO.Cl. —> SO: + Cl: 


ow 
is a first order reaction with rate constant = 2.2x10-5 s-1 at 575K, Inh 
much time will it be decomposed to 20%, 


when the reaction is carried out 
at 575K ? f A, 
The half life period of a substance is 80 min at a certain concentra aa 
When the concentration is reduced to one half the inital concentration, 
half life period is 40 min. Calculate the order of the reaction. 


The half life period for a second 
0.425 mol dm~? is 500 s, 


For the reaction 
A ——> Products 


; g F 7 3 is 
the following data were obtained at 25°C, in which the concentration of A i 
given at different intervals of time: 


t (min) 0 10 20 30 50 
[A] mol dm-3 0.860 0.740 0.635 0.546 0.405 


Calculate the order of the Teaction and the half-life Period,’ 
At a certain temperature, the half life Periods and initial concentrations for 
a reaction are 

t} = 420s, a = 0.405 mol dm-3 

n= 275 8, a = 0.64 mol dm-3 
Calculate the order of the reaction and the rate constant, 
The rate constants for a reaction at 30° 
s~1, respectively. What is its activatio; 


EAN its 
The activation energy for a reaction is 22.5 kcal, whereas the value for 1 
rate constant at 40°C is'1.8 x 10-5 s-1, What is its frequency factor ? 


he saponification of ethyl acetate by 
Coefficient kas /kas is 1.8, 


Taina: ion 
order reaction with initial concentratio’ 
Calculate the rate constant, 


-3 
and 40°C are 1.2% 10-2 and 2.1 x10 
n energy ? 


Calculate the activation energy for t 
sodium hydroxide, if the temperature 


The rate constant for a Teaction at 25° 


Py jon 
Cis 3.46x10-5s-1 and its activatio 
energy is 103.9 kJ mol-1, 


Calculate its rate constant at 35°C. ve 
activation energy is 104.5 kJ mol-} and the ae 
exponential factor A in the Arrhenius equation is 5x 1013 s-1, At what 
Perature will the reaction have a half life of 1 minute ? The 
forward reaction is 1.2% 10-3 min- at 30°C. kcal 
enthalpies of activation and reaction are 20.4 kcal mol~t and —25.6 kc) 


ionis 1.2x107 
e rate constant for the reverse Teaction is 1. 
at 50°C. What is its value at 40°C 2 


Show that, for the third order reaction of the type 
3A —> Products 
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yol 1 1 
Rate constant, k= = [ BE ae ] 


5 A 3 
If- = 
and half-life period, G Te Cm 


QUIZ QUESTIONS 


Type A: Multiple Choice 


20.21 


20,22 


20.23 


20.24 


20.25 


20.26 


For the single-step reaction 
2A + B ——> A.B 
the rate law is 
(a) Rate = k [A] [B] 
(b) Rate = & [2A] [B] 
(c) Rate = k [A]? [B] 
k [A]° [B] 
(d) Rate = SABIA 
If the units of concentration are mol dm-* and of time are s, the units of the 
rate constant for a second order reaction will be 
(a) dm? mol s-? 
(b) mol dm~? s-? 
(c) dm? mol-: s-4 
(d) dm-* mol- s71 
For the reaction 
P + 2Q — R 
the rate law is: rate = k [P] [Q] 
If the reaction proceeds in two steps the rate determining step is 
(a) P+ Q ——> R 
(b) P + Q —— intermediate 
(c) Q + Q—-— intermediate 
(d) P + 2Q —> R 
The rate expression for a chemical reaction 
2NO:F —-> 2NO, + Fa 
is given'as: Rate = k [NOaF] 
The rate determining step might be 
(a) 2NO:F —-> 2NO, + Fa 
(b) NO,F + F ——> NO: + Fa 
(c) NO:F ——> NO: + F 
(d) NO: + F —> NOF 


For a reaction of the type 
A + B —— Products 


it is observed that doubling the concentration of A causes the reaction rate 
to be four times as great, but doubling the amount of B there is no apparent 
effect on the rate, The rate equation is 

(a) Rate = k [A] [B] 

(b) Rate = k [A]? 

(c) Rate = k [A[*[B] 

(d) Rate = k [A]? [B]? 


Consider the first order reaction. 
A ——> B 
If the initial concentration of A is a and B Zero, 


F $ andat any ti 
centration of B is x, then the rate equation can a Sine Scheer 


be written as 
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1 (a—x) 
@) k =- ln ae 


(b) kt = In (a@—x) 


a 

(c) kt =In CD 
k a 

@ =a) 


i ° is i entration at 
20.27 If Cais the concentration of A at any time and Ca? is D Gon te cal 
: t = 0, then, for a zero-order reaction of the type A ——> Pro , 
equation Can be written as 


(a) Ca— c =0 
(b) Ca = ci —k 
© CAC; =k 
(d) Ca= Ca kt 
20,28 For a reaction of the type (second order in A) 


A —— Product 


a ; å i ion 
if the initial concentration of A is a and at a given time t, the concentratio: 
of product is x, the rate constant (k) can be put as 

(a) k = t (a—x) 


OWES Gana a) 
Ot-7 (G5 5) 


d) k =+( ae ) 


20.29 If Ry and R, are the rates of reactions at concentrations C, and Ca at 
reactant, then the order of the reaction (n) with respect to the reactant un tk 
Consideration (keeping other factors such as concentrations of other react@ 
and temperature constant) is 

Ri Cy 
a) n= log ——— 
@) Be Ca 
log Ri — “og Ra 
O fog CI loe C 
= tee 1 $ 
©. n= loek =k 
— log C, — log C: 
Ce log R, — log Ra 
20.30 


The half-life period of any first order reaction 
(a) is half the specific rate constant 

(b) is independent of the i 
(c) is always the same whatever the reaction 


(d) is directly proportional to the initial concentration of the reactant 
20.31 Consider the third order rate equation: 


tt (alice 
2t \ ca T) 


nitial concentration 


$ iui f en 
where Co is the initial concentration and C is the concentration at tim 
The half life period (44) is 
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psi 3k 
ORTA O =e 
5 3 
(©) ty DECS @) 4 = 36 Co 


20,32 Suppose that the rate law for reaction is 


Rate = k [A] [B] 
and the initial concentrations of A and B are equal. If C represents the 
concentration of both A and B at any time t, a straight line will be obtained if 
(a) 1/C is plotted against f 
(b) 1/C? is plotted against ¢ - 
(c) log Cis plotted against í 
(d) log C? is plotted against t 


2033 Fora reaction 


20.34 


20.35 


20.36 


20.37 


A+B—> C 
the following kinetic data are obtained 
Observation A B Rate 
1 0.1 0.2 0.01 
2 0.2 0.2 0.04 
3 0.2 08 0.08 
CO T a 
The overall order of the reaction is 
(a) 3 (b) 2 
(c) 1.5 (d) 2.5 


A catalyst increases the rate of a reaction because 5 
(a) it provides the necessary energy to the colliding molecules to cross the 
energy barrier 
(b) It decreases the heat of the reaction 
(c) It decreases the order of the reaction 
(d) It provides a different path of lower activation energy 
Chemical reactions of the type 
ky ka 


are called 

(a) pseudo chemical reactions 

(b) consecutive reactions 

(c) parallel reactions 

(d) fast reactions 

Consider a system containing NO» and SOs, in which NOs is consumed in the 
following parallel reactions 


kı 
2NOa & N2204 


NO: + SO: NO + SOs 
the rate of disappearance of NO, will be equal to 
(a) ka [NO:]? + ks [NOs] [SO2] 
(b) 2k; [NOa]* 
(c) 2k, [NOz]? + ks [NO:] [SOe] 
(d) k, [NOs]? + ks [NOz] 
In a reversible reaction 


ky 
2NO: = N2O« 
ka 
the rate of disappearance of NO; is equal to 
(a) 2k: [NO2] — ke [N2Oa] 
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(b) 2k: [NOs]? — ka [N204] 
(c) (2k, — ka) [NOs] 
(d) 2k:/ka [NOz] 


For the first-order reaction with rate constant k, the half-life period 
(initial concentration = a) is equal to 


20.38 


1 
OQ) a ©) =F 
a 1 

GE GT: 


20,39 The equation for the rate constant is given by 
k=p Ze— ol rr 


a chemical reaction will proceed more rapidly if there is a decrease in 

(a) T (b) Z 

(c) E. (d) p 

The large increase in the rate of a reaction on rise in temperature is due to 
(a) the lowering of activation energy 

(b) the decrease in mean free path 

(c) the increase in collision frequency 


20.40 


(d) the increase in the number of molecules having more than the threshold 
energy 


20.41 In the kinetic study of a reaction 


y , A —> Products 
a straight line was obsery 


ed when a graph between time and 1/C? was plotted, 
The reaction {s 
(a) second order (b) third order 
(c) zero order (d) first order 
Which of the following graphs Corresponds to a second-order reaction: 


20.42 


(a) 


(b) 
X 
i ule 
T s c 
` 
(c) TIME —3— 
(d) 
ls 
€ el 
a. 
TIME e 


20.43 Foran nth order reaction, the half-life period f} is proportional to [if 
initial concentration = (C,)] 

1 

@) cH (b) Cyn 


20.44 


20.45 
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1 0.693 
(c) Cont (d) Co” 
Which of the followings is not an example of homogeneous catalysis 
Ht 

(a) CH,COOCHs + H:O ——> CH;0H + CH; COOH 

Pt 
(b) SOs + 40: ——> SO; 

NO 
(c) SO: + O02 —> SOs 


oOHT 

(d) CH,;COOC:Hs + H:O ——> CH;COOH + C:H;OH 

Which of the followings is not a true characteristic of a catalytic reaction, 

(a) The amount and chemical composition of the catalyst remains unchanged 
after the reaction. 

(b) The catalyst does not initiate a chemical reaction. 

(c) The reaction in which products also act as catalysis are called autocata- 
lysed reactions. j 

(d) The catalyst shifts the equilibrium position of a reaction in a favourable 
direction. 


Type B: Multiple Choice (Numerical Problems) 


20.46 


20.47 


20.48 


20.49 


20.50 


20.51 


The rate of a first order reaction is 1.5 x 10- mol /-1 min“! when the 
concentration of the reactant is 0.5 mol /-. The rate constant in seconds is 
(a) 3 x 10-3 

(b) 0.18 

(c). 5 x 10-5 

(d) 7.5 x 10-¢ 

The half-life time for a reaction at initial concentrations 0.1 and 0.4 
mol /-1 are 3’ 20” and 50°, respectively. The order of the reaction is 

(a) 1 (b) 2 (c) 3 (d) 4 

A first-order reaction has a half-life period of) 69.3 seconds. Its rate con- 
stant is 

(a) 10-*s-* 

(b) 1074 s71 

(c) 10s-* 

(d) 10° s-t 

The rate of a second order reaction is 3 x 10-5 mol /=1 s-1. When the 
initial concentration is 0.2 mol /-1, the rate constant k is 


‘ 


(a) 1.5 x 10- 

(b) 7.5 x 10-¢ 

(c) 7.5 x 10-8 

(d) 1.5 x 10-3 

The following data are given for a reaction: 

Conc, A. 1 1 0.02 0.04 (mol 4-3) 
Conc. B. 0.02 0.04 1 1 

Rate 1,5 x 1073 3 x 10-3 3 x 10-3 1.2 x 10-2 


(mol /-1 min-*) 

The order of the reaction is a 

(a) 1 (b) 1.5 (c) 2 (d) 3 

The rate for a first order reaction fis 1.8 x 10-3 mol dm-’min-1! when the 


initial concentration is 0.3 mol dm-3. The rate constant in thé units of’ 
seconds is o 


(a) 1 x 10-8 s-1 
(b) 1x 10-4 s-1 
(c) 6 x 10-3 s71 
(d) 6 x 10-2 s71 
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i -1 min- the 
20.52 The rate for a first order reaction is 0.69 x 10-2 mol /~! min-? and 
è initial concentration is 0.2 mol dm-*. The half-life period is 
(a) 1200s (b) 0.335 () 1s (d) 600s 


sae . cl 
20.53 The half-life time for a react concentrations 0.5 and 1.0 m 


» Tespectively. The order of the reaction is 
(c) two (d) three 

order reaction is 4 x 10-2 mol dm-? s-1. The 

ant after 25 s is 0,5 mol dm=, The jnitial con- 


(a) zero (b) one 
20.54 The rate constant for a Zero- 

Concentration of the react 

centration was 

(a) 1.25 mol dm- 

(b) 0.125 mol dm-s 

- (©) 1.5 mol dm-3 

(d) 0.5 mol dm-s 

20.55 For a third order Teaction, the rate co 


nstant is 2.5 x 10-2 mol-1 dm‘ s-1, If 
the initial concentration is 0.1 mol dm=, the half life Period will be 
(a) 100 min (b) 600 min 


(c) 60 min (d) 6 min 
Type C: True or False 


20.56 Ifthe activation e 

20.57 Foran exothermj 
always less than the actiyati 

20.58 $ fastest step determine. 
reaction, 

20.59 Many body collision 


s have low probabilities, 
20.60 The activation ener, 


8y is the difference į 


20.61 According to Atrheni 


with tem perature a: 


ant increases exponentially 
20.62 In a third order 


hen T is zero, 


e 
rtional to the square of th 


reaction, 
initial concentration, 


20.63 A reaction of the type A > B> is Called a Parallel] reaction, 

20.64 © increase in reaction rates with temperature js due to the increase in 
Collision frequency, 

20.65 Fora single-step reaction, the law of mass action and the rate law expressions 
are same, 

20.66 Ina reversible reaction, the Tate of the forward Teaction is always equal to 
‘that of the backward Teaction 

20.67 Molecularity has significance only for element 

20.68 According to the 


aty reaction, 


pothesis, the rate of chan 
ermediates is assumed to be very high. 
20.69 Substances which do not act as cat 


y fa 
alysts but enhance the efficiency 0 
catalyst are called autocatalysts, 

20.70 The Catalysed r 


steady state hy 
of the Teactive int, 


ge of concentration 


action generally h 
uncatalysed react 


: the 
z as a lower activation energy than 
ion. 
Type D: Fill in the Blanks 
20.71 


In a multistep Teaction 
Fae 


20.72 The minimum amou 
order to bring about 

20.73 Reactions which occur 
—————1eactions, 


: the 
» the order of the reaction is determined from 


f energy whic 
faction is kn 


under the 


os e in 
DES h the colliding molecules must hay 
ae Own as— 


s à alled 
influence of radiant energy are © 
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20.74 The stepwise description of a chemical reaction is called -—————of the 
reaction, 
20.75 The order of a reaction with respect ES reactant A, whose rate law is, rate 


=k[A] IBPC]? is. 
20.76 A catalyst does not shift the position of —————of a reaction. 
20.77 The difference between the energy maximum alonga reaction path and the 
energy of the reactant is called————. 
20.78 The sum of powers to which the concentration terms are raised in the rate 
law is called —_———— of the reaction. 
20.79 A substance which decreases the rate of a reaction is called ————_._, 
20.80 For a first order reaction, the half-life period is equal to. 


ANSWERS 


Numerical Problems 

20.1 (a) Rate = k[A]? (b) mol-? dm* min-? 20.2 — 0.0002 (b) 0.6001 (c) 0.0001 
20.3 5 x 10-%min-1, 0.3h-, 8.3 x 10-5s-1 20.4 0,2 x 10-3 mol dm-3 min-}, 
0.196 mol dm-* 20,5 0.00921, 3.34 x 10-4 20.6 First order, 0.00206 20.7 Second 
order, 11.69 20,8 67.8 min, 0.01022 min-? 20.9 169min 20.10 zero order 
20.11 4.7 x 10-8 20.12 0.0151, 45.9 min 20.13 2,5.88 x 10-3 20.14 10.5 kcal 
20.15 9.3 x 1010% s-1. ` 20.16 10.7 kcal 20.17, 13.5 X 10-'s4 208E 
20,19 1,21 x 10-5 


Quiz Questions 

20,21 (c) 20,22 (c) 20,25 (b) 20.24 (c) 20.25 (b) 20.26 (c) 20.27 (b) 20.28 (c) 
20,29 (b). 20.30 (b) 20.31 (c) 20.32 (a) 20.33 (d) 20.34 (d) 20.35 (b) 20,36 (c) 
20.37 (b) 20.38 (a) 20.39 (c) 20.40 (d) 20.41 (b) 20.42 (c) 20.43 (c) 20.44 (b) 
20.45 (d) 20.46 (c) 20.47 (b) 20.48 (a) 20.49 (b) 20,50 (d) 20.51 (b) 20.52 (a) 
20,53 (c) 20.54 (c) 20.55 (a) 20.56 True 20,57 True 20.58 False 20,59 True 


20.60 True 2061 False: Arrhenius’ equation is k = ae ERT and k becomes 
equil to A when T is infinity 20.62 True 20.63 False: It is called consecutive 
reaction 20.64 False 20.65 True 20.66 False: The rates of forward and backward 
reactions are equal only at equilibrium 20.67 True 20.68 False 20.69 False 
20.70 True 20,71 slowest 20.72 threshold 20.73 photochemical 20.74 mechanism 
20.75 1 20,76 equilibrium »20.77 activation energy 20.78 Order 20.79 inhibitar 


0.693 
20.80 ahr 
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Lambert—Beer’s Law 


Lambert's law states that when a beam of Monochromatic light passes 
through a homogeneous absorbing medium, the light absorbed by each 
infinitesimally small layer is proportional to the intensity of the light 
entering it and the thickness of the layer. 

- When light of intensity I is absorbed 


in a layer of thickness between 
x and x+dx, and dI is the light absorbe 


d, then, according to the above 

law, 
—dI =a idx (21.5) 
where a is the absorption coefficient. On integrating Eq. (21.5), we get 
I= Ipe—9* (21.6) 


where Jo is the intensity of the incident beam and T is the intensity after 
absorption. Therefore, the difference between Jy and I gives the inten- 
-sity of the light absorbed, i.e. 


—ax 
Tabs = To—I = Io—h (4 
=h (ie) (21.7) 
Beer’s law is an extension of Lambert’s law, put forward by Beer 


(1852). According to this law, the absorption coefficient of the medium is 
also proportional to the concentration of the solution and can be 
expressed as 


a=e'¢ 
where e' is called the molar ab 
concentration of the solute. 
and gases may be written as 


sorption coefficient and c is the molat 
Therefore, the Lambert law for solutions 


LEen cx (21.8) 

= In 107€ (21.9) 
the molar extinction coefficient. The 
Lambert law or simply Beer’s law. 4 
led the optical density (O.D.) of a solution ac 


or l=h 10 © ¢*/2.303 
where e (e'/2.303) is known as 
relation (21.9) is called the Beer- 

The quantity ecx is ca] 
is equal to log (70/7). 


Stark—Einstein’s law was put forward by Stark (1908) and Einstein (32): 
According to this Jaw, each molecule taking part in a photochemica 
Teaction takes up one quantum of the radiation causing the reaction. 

In other words, a molecule, before reacting photochemically, must 
absorb one quantum (hy) of energy. This is also known as the /aw of 
Photochemical equivalence, More vigorously, this may be stated as: 

In a primary Process* one photon is required for the excitation of 2 
Molecule. An excited (activated) molecule can undergo a number ° 
photophysical and/or chemical processes. 


BET r 
*Refer section 21.6, 
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This principle does not mean that one molecule reacts with the 
absorption of each photon because, due to the secondary thermal reac- 
tion involving free radicals, a large number of molecules may react per 
photon. Alternatively, molecules may be deactivated by other Processes 
and only a fraction may react per absorbed photon. 


EXAMPLE 21.3 The extinction coefficient of Ks [Fe(CN).] at 419 nm is 
1020 cm* mol™*. What percentage of light is transmitted from a cell of 


thickness 2 cm containing 70,000 K,[Fe(CN).] solution ? 
Solution Light transmitted by the medium, 


I iz if 10m) 
Fraction of light transmitted 
T —ecx 
Te 10 
e = 1020 cm? mo!™}, x =2cm, 
Mal -3 
E T0000 10,000 mo! dm 
1 
-£ E 10 12X 10,000%2— TORU% 
0 


. A : —0.20 
Percentage of light transmitted = x100 = 100x10 j 


= 62.5% 
EXAMPLE 21.4 The optical density of a 0.001 M solution of A in a cell 
of 0.1 cm path length is 0.162. What is the extinction coefficient of A? 


Solution 
Optical density, O.D, = «cx 
O.D. = 0.162, c = 0.001 M, x= 0.1 
2 _ OD. 
eee 
ate = s 
0 AOA eai iraya eak 
= J001 x0. ~ 1.62 X 10? cm* mol“t 


EXAMPLE 21.5 A light beam of flux 10° photons cm~? s-i patie 
through a 10 cm long cell containing a 0.5X 1074M solution of a site 
stance with an extinction coefficient of 1050 cm? mol, How much 
energy is absorbed per second by the solution if the wavelength of the 
light is 470 nm? The cross-section of the cell through which the light 
passes is 1 cm”. ' 
Solution The intensity of light transmitted 

I=h10 

I, = 10™ photonscm™*s™*, e = 1050 cm? moi-, 
= 0.5107 M 


A 


x = 10 cm 
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—(1050) (0.5 10-4) x10 
Number of photons transmitted = JT = 101° x10 
10° x 10 Aoi 
2.985 X 1018 photons cm * s 

Since the cross-section of the cell is 1 cm*; the number of photons 
transmitted per second = 2.985 x 1018 pagani pa p 

f photons absorbed per second = J,— 

Number of photo Ms iziga i 
7.015x 10'8 photons s™* 
Wavelength of light A = 470 nm = 470x107? m 

ec _3X10®ms 
A 470X10-° m 

= 6.383 X 1014 s71 
Energy of photon = hv ‘ 
Energy of photons = (6.62 x 10-84 J s) x (6.383 x 104 s71) 

= 42.255 x 10-20 J 
Energy of 7.015 10'* photons = 42.255 10-29x7,015x 1018 
= 2.96 J ec 
Energy absorbed by the solution per second = Energy of 7.015 X1 a 
photons of waveleng 
470 nm = 2,96 J 


—0.525 


Il 


ll 


I 


Frequency of light, v 


21.3 CONCEPT OF EXCITED STATES 


Electrons in the various molecular 
State are distributed accordin 
tule. Most molecules have 
ground state, each orbital ac 
The multiplicity of an elect 
total spin (algebric sum of 
given electronic state. 


orbitals of a molecule in the ground 
g to Pauli’s exclusion principle and Hund 

an even number of electrons and, in the 
commodates two eléctrons with opposite spin: 
tonic state is equal to (2S-+1) where S is the 
spin quantum numbers) for the molecule in a 
For S = 0, ġ and 1, the multiplicity is 1, 2 Ka 

3, respectively. When the electrons are either paired or have opposite 
spins, the net spin is zero, i.e, S — 0 so that 2S+1=1. This state 
called the singlet state. If the two electrons have the same spin, the tota 

spin S = $+} = 1 so that the multiplicity is 2S+1—= 3. This state 1s 
called the triplet state because, corresponding to this spin, there can pe 
three states, i.e. its multiplicity is three. Most molecules* in their groun i 
state are singlet. However, when an electron is excited to a higher orbita r 
it may go with the same spin (total § = 0) or its spin quantum numbe 


—— nana } 
There are a number of exceptions, for exa 


‘ iplet 
mple, the oxygen molecule is a trip 
jn the ground state, odd-eleciron molecules lik 


te. 
e NO are doublet in the ground sta 
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FIG. 21.1 Electronic states (So. S1, Sa, Ta, Ta, . . .) with different vibrational 
: (v) ana rotational states (J), 
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may change (total S = 1), i.e. it may result in an excited eke 
triplet state. For a giyen electronic configuration, the triplet state a 

a lower energy than the singlet state. The singlet in the ground state is 
denoted by the symbol So while other higher singlet states are soar 
by the symbols Si, S2, Ss,.... Their energy increases in the order o 

their subscript. Similarly, the triplet states are indicated by qT, Toy 
Ts, .... Besides electronic energy, the molecules also possess vibrational 
and rotational energies. Generally, at room temperature molecules in 
the ground electronic state are rotationally excited but the vibrational 
quantum numbers for various normal modes of vibration are zero. 
However, the electronic transition is so fast that nuclei remain more 
or less unchanged (Frank-Condon principle). This generally leads to 
change not only in electronic energy but also in vibrational and 
rotational energies, 

In the gas phase, vibrational and rotational structures can be observ- 
ed, but in the condensed phase these merge into wide bands. The molecule 
in the ground state (So) is generally not excited to the triplet state (spin 
conservation rule) and the various bands in the electronic spectra corres- 
pond to transitions to different singlet states. Even for these transitions 
Sa < So, Probability depends upon the wave functions to and Yn 
This is why the extinction coefficient for wavelength of light correspond- 


ing to different transitions are different. S; and Tı are known as the 
lowest singlet and triplet excited states. 


21.4 DEPOPULATION OF EXCITED STATE 


Molecules on excitation, not only hav 


e more energy but have new 
geometry and dipole moment, 


and different reactivity., These can 


Vibrati 
nauena] ~~ Emission of light 


AW Non radiative 
Pe Photochemical 


pon Internal conversion 


5, 
S Inter system 
crossing 
Phosphorescence 
S 


X 


FIG. 21.2 Schematic diagram for various Photophysical and photochemical 
processes. Processes with the emission of light are shown by 
-> while the non-radiatiye Processes —-->. Photochemical pro- 
cesses are denoted by ands~ 


s “and may take place unimolecu- 
larly or with another molecule 
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undergo a variety of processes. Asa matter of fact, an excited molecule 
behaves as a different chemical species. 

Processes which can bring the molecule intact to the ground state 
are called photophysical Processes, while those leading to new Products 
are called photochemical Processes. Various photophysical and photo- 
chemical processes are shown in Fig. 21.2, known as the Jabolonski 
diagram. X 

The excited molecules may lose the energy and come to their ground 
state, either without emitting rediation (called non-radiatiyve transitions) 
or by emitting radiation (called radiative transitions). In case of non- 
radiative transitions the energy is lost as heat. 


Non-radiative Transitions 


When the transition Occurs between states of the same multiplicity 
without emitting light, itis called internal conversion. On the other 
hand, if the transition takes place between states of different multiplicity 
without emitting light, it is called intersystem crossing. 

Internal conversion may take place both from a singlet or triplet 
state. However, the triplet state generally has longer life than the 
singlet state and, hence, is available for a larger time for a chemical 
reaction. 

Radiative Transitions } 

These transitions give rise to two phenomena: fluorescence and 
phosphorescence, 

Fluorescence It is the emission of light when the molecule returns to 
the ground state from an excited state of the same multiplicity. 
Fluorescence corresponds to transition Sa —> So. As most molecules in 
their ground state are singlet, fluorescence generally corresponds to the 
transition S, > So. 

Phosphorescence It is the emission of light when the molecule returns 
to the ground state from an excited state of a different multiplicity, For 
most molecules, phosphorescene corresponds to Tı — Sy. The wave- 
length of phosphorescent light is longer than that for fluorescence or 
absorption. . 

The excited molecule may undergo several other processes, such as 
quenching, photosensitization, excimer or exciplex formation. These 
may undergo chemical transformations by a unimolecular or bimole- 


cular process. 
21.5 CHEMILUMINESCENCE AND BIOLUMINESCENCE 


Chemiluminescence is the emission of light in certain chemical reactions. 
Some reactions are highly exoergic so that some product molecules are 
obtained in the excited state. For example, in the reaction of sodium 
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x re . 1 
vapour with alkyl halides, we get an emission from the alkali oe 
atoms. The glow of yellow phosphorous is also. due to chemilumi 
scence as a result of slow oxidation in air. i ; dr 

The emission of light in a biological reaction is called pluie 
scence. In other words, bioluminescence is the chemiluminescence in 


biological reaction. For example, the glow of the firefly is due to the 
oxidation of luciferin. 


21.6 PRIMARY AND SECONDARY PROCESSES 


It is sometimes desirable to distinguish between primary and secondary 
process. å 
A primary process is defined as ac 


ontinuous sequence of steps which 
starts with the absorption of light. 


It is generally named after the last 
primary step. For example, 
hy —hy 
So —> S, —> Si ——~+S, ———> S 


The: primary process is called fluorescence although it consists of the 


excitation of a molecule to the S, state which, by internal conversion, 
goes into Sı. This then relaxes vibrationally and gives Sı, emits light 
and goes to the ground State. 


In secondary Processes, certain intermediates are formed which react 


themselves to form the Products. For example, in the photochemical 
combination of H, and Cl, 


the primary process is the dissociation of Cl 
molecules into atoms as a Tesult of absorption of radiation of energy. 
hv 
(1) Ch —— Cl* —, 


cl + CI a 
The chlorine atoms formed react with Hs molecules and lead to @ 
chain reaction: These steps constitute the secondary process: 
Q) cl+H,— HCI + H 


G) H+ch—+Ha4c 
21.7 QUANTUM YJELD 


The quantum Yield $ for a Process is d 
oe Number of Molecules underg 
umber of Photons abs 


efined by the equation, 
oing process (N,,) 


orbed (W,) 
Nn 
1 e$ FIN 
This is also equivalent to 
Number of moles Of a substance 


; undergoing a 

TE process in a certain time Bibs 
Number of einsteins absorbed in the same time 

n 

OATES 
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The number of photons absorbed is measured with a thermopile or 
by a chemical actinometer (a photochemical reaction for which ¢ is 
known). 

It is obvious that the quantum yield of a primary process is always 
unity or less, while that for a secondary process is generally greater 
than one. 


- EXAMPLE 21.6 In the photochemical reaction between chlorine and 
hydrogen, 2X 10-1 moles of chlorine have been Converted into hydro- 
chloric acid by irradiation with light of wavelength 4000 A, What is' the 
quantum yield of the reaction if the light energy absorbed by the system 
is 7.16 X 10715 kcal ? 


Solution 

Energy of one photon = hy = Le 

h = 6.62x 1073 J sc = 3X108 m s+, A = 4000 Å = 4000 x 10-10 m 
; A hoton == £:62%10-* x 3108 

. energy of one photon = —~4000x 10720 
= 4.97X 10-19 J 
Total energy absorbed = 7.16 x 10" kcal = 7.16 X 10-15 x 4.183 108 
= 2.99 x 10711 J 


2.99 x 10711 
Number of photons = 497x108 = 6.02 x 10? 


Amount of chlorine reacted = 2 X 10-!° moles 
Number of molecules of chlorine reacted = 2 X~10-19x 6,02 x 1023 
= 12.04 1018 
5 A Number of chlorine molecules reacted 
Quantum yield, ¢ Number of photons absorbed 
_ 12.04x 1038 
~ 6,02 107 


= 2X10 


21.8 PHOTOSENSITIZED REACTIONS 


Certain molecules do not themselves react in the excited State, but 
activate molecules, which otherwise would not haye absorbed light, to 
react. Such reactions are called photosensitized reactions. For example 
the mercury atom absorbs light at 253.67 nm. This Corresponds io 
about 112 kcal mol™ which is more than the dissociation energy of the 
H—H or RC—H bond. Thus, hydrogen or methane do not absorbe this 
light and will not decompose when irradiated with light of 253.67 nm. 
However, when trace amounts of mercury vapour are present, it leads 
to their decomposition by the reaction, 


Hg + hv = Hg* 
Hg* +H: > Hg + 2H 
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The reaction is called a mercury sensitized reaction. Similarly, 
chlorophyll acts as a sensitizer in absorbing visible light and supplying 
the energy for the conversion of CO, and water to carbohydrates. This 
process is called a photosynthesis: 


Chlorophyll + hv —— Chlorophyll* 
hlorophyll* 
On HO eS Cos + Os 


21.9 SOME TYPICAL PHOTOCHEMICAL REACTIONS 


: : 7 i ical 
As mentioned earlier, there are a wide variety of photochemica 
reactions: 


Molecular Reactions 


In these reactions, molecules absorb light and are directly converted 
into the products unimolecularly. These include cis-trans conversion, 
elimination reactions, etc. 
hy 
—-— trans-cinnamic acid 
hy 
C:HsI ——> CH, + HI et 

There are a second category of reactions in which the excite 
molecules may react with other molecules. These include hydroge™ 
abstraction, dimerization and redox reactions; 


cis-cinnamic acid 


hy 
3 (CHs)CO —> (CsHs)2CO* 
(CsHs)2CO* + RH —> (C,H,),COH +R 
CcHs Ey 
2(CoHs)2COH —-> CsHs—C——C—CyHs - 


i OH OH 
Chain Reactions 


In these reactions, the primar 


radicals. These start chain r 


e 
y photochemical reaction produces fre 
eactions and the quantum yield can 
very high, e.g. 


pe 


è hy 
Cl —+> 2C] 
Cl+H, —> HCI+H 
HCl HC1+Cl 
Cl+cl ——> Ch, A 
quantum yield of the order 10°. On the oth? 
sition of HI, the quantum yield is only two- 
hy 


HI —> H+I 


This reaction has a 


hand, for the decompo: 
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H+HI —> H: +I 
IFI => I: 
The low quantum yield of this reaction is because of the fact that 
the J atom is relatively unreactive and does not participate in the chain 
propagation step. 


Photochromic Reactions 


In these reactions, certain molecules, when they absorb light, are con- 
verted into the conjugated isomers which are coloured. This is called 
photochromism. It has led to the industrial manufacture of glasses 
which become darker on exposure to light and hence control light 
transmission: 5 


vent | 
(O)}—N==CH o) = (0)—n— 
EA dark 


(Colourless) HO 
(Coloured ) 


FIG. 21.3 An example of photochromic reaction 


21.10 LASERS AND MASERS 


Generally, when a beam of light is passed througù a medium, it losei 
ts intensity. However, if there are more molecules of tbe medium in 
the excited state tban in the ground state (population inversion), stimulat- 
ed emission can occur and the light beam gains iatensity. Thisis called 
laser action and it leads to the production of intense, coherent, mono- 
chromatic beam of light. The name LASER is the acronym for Light 
Amplification by Stimulated Emission of Radiation. Similarly, if the 
radiation is in the microwave region, it is called MASER. This is the 
acronym for Microwave Amplification by Stimulated Emission of Radiation. 

A light beam is coherent when the light waves are in phase, The 
primary requirement is population inversion. This is achieved in a 
number of ways. In optical pumping, the molecules are excited by 
irradiation to the Sı state which, by intersystem crossing, goes toa Ti 
state. This gives stimulated emission. Excitation is also possible due 
to the energy released in chemical reactions. Lasers working on this 
principle are called chemical lasers. 
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MISCELLANEOUS EXAMPLES 


EXAMPLE 21.7 What percentage of light will be transmitted through 


two cells put together in the path of light, if their individual trans- 
missions are 60% and 30% ? 


Solution 
Seite tos 100. 2 
Dı = log>- log CON a 0.22 
100 
D, = log3- = 0.52 
D = D; + D; = 0.74 
or log w- 0.74 
JE 
or Tica Qas 
ay light transmitted = 18% 


Note: For a combination of Cells, the fraction of light tr 
of the fractions of transmitted light from individual cells, 
fractions of light transmitted are 0.6 and 0.3, and their prod 
fraction of light transmitted. The percentage of light trans 
EXAMPLE 21.8 Oxalic acid, in the presence of UO,2*, decomposes 
according to the equation, 


‘ansmitted is the product 
Thus, in this case, the 
uct, 0.6 x0.3=0.18, is the 
mitted is 18%. 


U0.2* + hv —-> (UO,2*)* 
(UO,)%* + (COOH), ——> UO, 
by absorbing light from 250 to 4 
actinometry by estimating the a 
‘knowing that the quantum yiel 


+ CO: + CO + H0 
50 nm, The reaction is used in chenica 
mount of decomposed oxalic acid an 


d for the reaction is 0.5. One litre of 
a 0.005 M oxalic acid solution was irradiated with light of 310 nm 


in presence of UO,2* ion, 20 ml of the irradiated solution, on titration, 
required 25 ml of 0.05 N KMnOu. How many photons are absorbed 
Per second by the solution irradiated for 10.5 min? 

Solution The norma 


lity Ni of oxalic acid after irradiation can be 
calculated from the e 


Quation, 
MV, = N: V, 
Ny, 
or N, = aV 
N: = 0.005 N, V: = 25 ml, Vi = 20ml 
0.005x25 
UE = 0.00625 N 


Now, 0.00625.N oxalic acid = 0.003125 M oxalic acid 
In one litre, the number of moles Teacted 


= Initial molarity — Final molarity 
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= 0.005—0.003125 = 0.001875 mol 
Quantum yield, ¢ = 0.5 
a = 0.00375 
Number of photons absorbed = 0.00375 X 6.02 x 10° 
= 0.0226 x 1078 


Number of einsteins used = 


Time = 10.5 min = 630s 
0.0226 x 1028 

630 

, = 3.59 x 1018 

EXAMPLE 21.9 The average solar energy in Delhi per day (nearly 
500 min) is 4.6x 107 J m~? per day. How many photons are falling per 
cm? per second if light on the average-may be considered atA = 556 nm 
(light of maximum visibility) ? 


Solution 


Number of photons absorbed per second = 


Energy of a photon =e 
_ 6.62 10-34 JsX3X 10° m s7 
556X 107° m 
= 3.57x 1071! J 
Energy falling per day per mê = 4.6 x 107 J 


4.6X 107 
e W eee ee. 
Energy falling per second per cm? = 500x60x10,000 ~ 0.153 J 


Number of photons falling per cm? per second 
_ Energy falling per cm? per second 
Energy of one photon 
bs 0.153 
CEJAS NIS 
= 4,28 X 10" 


: 


QUESTIONS 


Numerical Problems 

21.1 (SI Units) A source of light emits radiati 
Calculate the energy in einsteins at the two extreme wavelengths, 

21.2 A 10 cm long cell is filled with 0.002 M KMnO; solution and absorbs 20% of 
incident light. What should be the concentration of the solution if it absorbs 
80% of incident light ? 

213 Calculate the value of an einstein of energy in kJ mol? for radiation of 


(i) wavelength 4000 A 
(ii) frequency 2x 10'* 


21.4 Monochromatic light was passed through a cell of 1 cm thickness containing 
1x 10-4 M of a given substance. The absorbance was found tobe 0.15 (after 


correcting for absorbance of the solvent), Calculate the molar extinction 


on from 290 nm to 700 nm. 


coefficient. 
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21,5 


21.6 


21.7 


21.8 


21.9 


21.10 


21.11 


21.12 


21.13 


21.14 


21.15 


How much energy is required by the sodium atom to emit D-line of wave- 
length 5890 A ? 


A cell of 1 cm path length containing 0.01 M Cr2(SO,)s solution ene 
60% of light at 340 nm. What is the extinction coefficient of the salt ? vee 
should be the concentration of the salt so that the transmission of lig 
is 30% ? 2 x 
Calculate the energy of one photon of light of wavelength 4900 A. Will it 
be able to dissociate a bond in a diatomic molecule which absorbs this 
Photon and has a bond energy equal to 72 kcal mol-1 ? 
Acetone can be photol 
ing to the reaction, 
(CHs)2CO = C,H, + CO 
In an experiment, the vessel Containing acetone absorbs 10-2 J 5-1 and yields 
3x10" CO molecules per second. What is the quantum yield for the 
Teaction ? 


lysed by irradiating it with light of > = 310 nm accord- 


A thermopile receives monochromatic li 
of 0.5 cm? and its temperature rises by} 
What is the flux of light falling on the t 
thermopile is 3,5 J K-71)? 

The quantum yield for a chemical 
from 340 to 500 nm, is nearly cons 
(a) >= 410 nm 

(b) v = 25,000 cm-2 


ght (4 = 380 nm) over an area 


10-* s-1 (assuming no loss of heat). 
hermopile (the heat capacity of the 


reaction, with light of wavelength ranging 
tant. Which of the following 


distribution of the lamp at 410 nm 
and 20% of energy, 


ng HI in the gaseous 


State absorbs 3.42 x 1021 quanta, 
53x 10-2 moles of i 


Odine. What is the quantum 


» When kept in a cell of 1 cm 
Path length, it absorbs 99% of light ? 
What is the optical density of a solution which absorbs two-thirds of the 
incident light 2 


Two cells with optical densities 0.3010 an 


Photochemical experiment, What is the p 


d 0.6020 are put together in a 
transmitted by them, 


ercentage of the initial light 


QUIZ QUESTIONS 


Type A: Multiple Choice 


21.16 


A molecule returns from the 
with emission of light. 
(a) fluorescence 

(b) phosphorescence 
(c) chemiluminescence 
(d) scattering 


excited singlet State to 


the ground singlet state 
The process jg Known as 


21.17 


21.18 


21.19 


21.20 


21.21 


21.22 


21.23 The wavelength o 


21.24 


21.25 


21.26 
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A molecule goes from the excited singlet state to the triplet state without 

emitting light. The process is known as 

(a) inter-system crossing 

(b) fluorescence 

(c) internal conversion 

(d) phosphorescence 

When a transition between [states of the same multiplicity occurs without 

emitting light, the process is called 

(a) fluorescence 

(b) quenching 

(c) internal conversion 

(d) intersystem crossing 

A molecule returns from the first excited triplet state to the ground state 

singlet. The light emitted is known as 

(a) inter-system crossing 

(b) fluorescence 

(c) phosphorescence 

(d) quenching 

The quantum yield of a photochemical reaction is 

(a) always less than unity 

(b) always equal to unity 

(c) always greater than unity 

(d) can have any value 20 depending on the reaction 

According to the Grotthus—Draper law, 

(a) only absorbed light is effective in producing photochemical] changes 

(b) only light between certain wavelengths is effective in photochemical 
changes 

(c) light is effective only for photochemical reactions in solution 

(d) the light absorbed is proportional to its intensity 

Which of the following statements is correct ? 

(a) The wavelength of phosphorescence is less than the wavelength absorbed 

(b) The transition from Ti to So without the emission of light is called 
phosphorescence. 

(c) The combinatlon of COs and water in plants, in the presence of 
chlorophyll, is an example of bioluminescence. 

(d) Population inversion is a necessary condition for laser action. 

f fluorescent light (à) is related to the wavelength of the 


absorbing light (Ass) by 
(a) Ay > Aad 
(C) Ay © dab 
The value of an einstein 
(a) is independent of wavelength 
(b) decreases with increase in wavelength 
(c) increases with increase in wavelength ; 
(d) depends on the temperature of cio absorbing system 

«action coefficient has the units A 
i ne (b) cm? mele 
(c)’ mol em~? (d) mol cm 


tes that 
The Lambert- Beer law sta a 
(a) transmission js directly proportional to path length 


(b) transmission is directly proportional to concentration 


(b) Ay < ad 
(d) ry œ 1/has 
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(c) absorbence is inversely Proportional to transmission 
(d) absorbence is directly proportional to Concentration 
Reactions in which molecules absorbing light do not themselves react but 
induce other molecules to react are called 
(a) chain reactions 
(b) photosensitized reactions 
(c) reversible reactions 
(d) free radical reactions 
21.28 “Only those radiations which are absorbed by the system can bring about 
chemical] change.” This is a statement of the 
(a) Beer—Lambert law 
(b) Grotthus-Draper law 
(c) Einstein law 
(d) photochemical] equivalence law 
21.29 The reverse of a photochemi 
(a) phosphorescence 
(b) chemiluminescence 
(c) fluorescence 
(d) photosensitization 
21.30 The quantity cex is called 
and x path length) 
(a) optical density 
(b) molar absorption coefficient 
(c) extinction coefficient 
(d) absorption coefficient 


21.27 


cal reaction is called 


(where c is concentration, e extinction coefficient, 


Type B: Multiple Choice (Numerical Problems) 
21.31 An einstein of light of à = 


in the presence of UO, 
tol M in 500 ml ofs 


‘ i id 
350 nm passing through a solution of oxalic RT 
** reduces the concentration of oxalic acid from 


olution, The: quantum yield of ithe: photochemical 
Teaction is 
(a) 1 (b) 0.5 
(c) 2 (d) 0.35 


21.32 500 ml of 0.1 M ferrioxalate solution 


litre of the solution absorbs 0.02 eins 
the reaction is 1.25, What is the con 
(a) 0.025 
(c) 0.050 


21.33 The extinction coefficient of K; 
tion of K;[Fe(CN),] solution, if 
optical density equal to 0.5 is 
(a) 10-4 M (b) 1073 M 
(c) 0.5x10-1 M (d) 0.5x10-3 M 5 r; 

21.34 The quantum yield for the decomposition of HIis2. If in an experiment, 


is irradiated with light à = 310 nm. A 

tein of light and the quantum yield 2 

centration of Fe*+ ion in the solution ? 
(b) 0.0125 

(d) 0.002 

[Fe(CN).] is 1000 cm? mol-1, The concentra- 

Placed in a cell of 5 cm-path` length having 


0.01 moles of HI are decomposed, the number of photons absorbed is 
equal to 

(a) 6,02 1021 (b) 3.01 x 102 

(©) 1204x1021 


(d) 3.01 «1028 


b e 
, With'reference to the solvent, is 0.3. a 
te is 3000 and the cell length is 10cm. 


21.35 
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(a) 1x10-5M (b) 0.3 M 
(c) 1x10 ?M (d) 1x10 M 


Type C: True or False 


21.36 
21.37 
21,38 
21.39 
21.40 
21.41 
21.42 
21.43 


21.44 


21.45 


The amount of light absorbed is directly proportional to the concentration 
of the absorbing species. 


Only the light absorbed by the system is effective in bringing about a photo- 
chemical] reaction. 

An einstein has[{the same value for radiations of all wayelengths. 

The quantum yield of a primary process cannot be greater than unity. 

Each molecule taking part in ajchemical reaction induced by absorption of 
radiation takes up only one{quantum of the radiation causing the reaction. 
The radiation emitted when a transition occurs between states of different 
multiplicity, such as T, to So, is called phosphorescence. 

The state in which two electrons have the same spin is called the singlet, 
state, 

In intersystem crossing, the fsystem goes from the singlet into the triplet 
state, or vice versa, without the emission of radiation. N 
Secondary photochemical reactions may have quantum yields greater than 
unity. 

The triplet state generally has lower energy than the singlet state, fora 
giyen electronic configuration. 


Type D: Fill in the Blanks 


21.46 


21.47 


21.48 


21.49 
21.50 


21.51 
21.52 


21.53 


21.54 


21.55 


Numerical Problems 
21.1 412.4 kJ, 171 KJ 
21.4 1.5x10° 27.5 203 kJ 21.6 0.0236 M 


Fluorescence is the process of an excited state returning to the ground state ` 
of the same —— with the emission of light. 


Phosphorescence is the process of the triplet excited state returning to the 
ground state with the emission of light. 


The wavelength of the fluorescent radiation is generally —————— than 
the wavelength of the light absorbed. 


The units of the extinction coefficient are ——~————- 
Reactions in which the molecules absorbing light do not react themselves but 


can induce other molecules to react are called —————— reactions. 
___——~ js equal to log (Jo/I). 
The lower the wavelength of light the ——~———— is the value of einstein 


corresponding to it. 
Quantum yield is the ratio of the number of moles consumed in a process 


and the number of —————— absorbed by it. 
In radiationless transfer, if the transition occurs between states of the same 
multiplicity it is called ——-———_ and between states of different multipli- 


city, ——-——— ey 
The emission of light ina chemical reaction is called ———_———. 


ANSWERS 


21.2 2.93x10- M 21.3 (i) 298.9 kJ (i) 7.97 kJ 
21.7 Bond will not be broken 27.8 0.19 
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21.9 1.339x10% cm=? s-1 27.10 4.2x10% s-1, 25000 cm-1 27.11 1.95 
21.12 1.02 mol 21.13 1/50M 21.14 0.476 21.15 12.50%. 

Quiz Questions 

21.16 (a) 21.17 (a) 21.18 (c) 21.19 (c) 21.20 (d) 21.21 (d) 27.22 (a) 21.23 (a) 
21.24 (b) 21.25 (a) 21.26 (d) 21.27 (b) 2128 (b) 21.29 (b) 21.30. (a) 
21.31 (b) 21.32 (c) 21.33 (a) 21.34 (b) 21.35 (a) 21.36 False 21.37 True 
21.38 False 21.39 False 21.40 True 2/.41 True 21.42 False 21.43 True 
21.44 True 21,45 True 2/.46 multiplicity 21.47 singlet 2/.48 higher or greater 
21.49 cm? mol-1 21.50 photosensitized 21.51 optical density 27.52 greater 


2153 einstein 21.54 internal conversion, intersystem crossing 27.55 chemi- 
luminescence. 


22 


Adsorption and Heterogeneous 
Catalysis 


The atoms or molecules on the surface of a solid or liquid are i 

higher energy state than those in the bulk. Asa result, these ha ei 
tendency to interact and retain molecules of other species which Rs 
contact with them. The enrichment of chemical substances at ence N 
of a solid or liquid is called adsorption. Adsorption studies BET 
important for understanding reactions taking place on Er S 
number of purification processes in the chemical industry, gas Shier à 
graphy and pollution control techniques are based oh the Pe 


phenomenon. 


23,1 ADSORPTION AND ABSORPTION 


Adsorption is limited to the surface only, while in absorption the 
molecules of the absorbed substances are dispersed throughout the bulk 
McBain proposed the common term sorption for both these phenomena 


The substance on whose surface adsorption takes place is called the 
adsorbent and the substance that gets adsorbed is called the adsorbate 
The adsorbent may be a solid or liquid, and the adsorbate can be a re 
or a solute in some solution. The quantity of a substance adsorbed per 
gram of the adsorbent can be expressed either in terms of the mass of 
the adsorbate or the number of moles of the adsorbate, or the volume of 
the adsorbate if it is a gaseous substance. The volume may be expressed 
under ambient conditions (p and T at which adsorption studies haveg 
been made) or the volume be reduced to STP for quantitative compari- 
son of adsorption studies at different temperatures and pressures. 


EXAMPLE 22.1 Three gram of oxygen is adsorbed on 1.2 g of metal 
powder at 300 K and 0.7 atm. Express the mass, number of moles, and 
volume of oxygen (at 300 K, 0.7 atm and at S.T.P.) adsorbed per gram 


of the adsorbent. 


| 
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Solution 


Mass of adsorbate, x=3 g 
Mass of adsorbent, m=1.2 g 


3 
Mass of adsorbate per gram of adsorbent=—— ==> 
5 
Number of moles of adsorbate per gram of adsorbent=4> =0.078 


f x 
Volume of 2.5 g of O» at 300 K and 0.7 atm=25 x 82x300 
=2745.5 cm? 


2 
Volume of 2.5 g of O» at 273 K and 1 aim=25 x ae 
=1748.9 cm? 


Therefore, = (300 K, 0.7 atm)=2745.5 cm? g`i 


PASTE 1748.9 cm? g7! 


22.2 PHYSICAL ADSORPTION (PHYSISORPTION) AND 
CHEMISORPTION 


Molecules of the adsorbate are held to the surface by van der Waals 
type of interactions, in physical adsorption. The term physisorption has 
been proposed recently for physical adsorption. The heat of physisorp- 
tion is of the order of the heat of condensation of vapours into liquids. 
Adsorption generally, decreases with increase of temperature and the 
activation energy for physical adsorption is nearly zero. If the adsorbat® 


is in the gaseous state and the studies are carried out below its critica 
temperature, then adsorption increases 


pressure—indicating the onset of condensation. 
Chemisorption, om the other hand, involyes a chemical reaction 
between adsorbed Molecules and the molecules (or atoms) of the 
adsorbent on the surface. The heat of chemisorption is of the same 
order of magnitude as of chemical reaction, Like chemical reaction, 
there are activation energies for chemisorption. Therefore, the rate of 
chemisorption increases with increase of temperature, although the 
hemisorbed at equilibrium decreases wit 
for any other exothermic reaction. The ate 
may be quite different from that in the bulk- 
For exa í : EMER 
mple, oxygen exists as O» in bulk, but on the surface it may b® 
erect as O, 05") O OT OiT eto 


rapidly near its critica 
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EXAMPLE 22.2. (SI Units) The activation energy and enthalpy of chemi- 
sorption of oxygen on a metal surface is 37.3 kJ mol"t and —72.1 kJ 
mol-!. At a certain, pressure, the rate constant for chemisorption is 
1.2X 10-8 s- and x/m is 2.5 g per gram of adsorbent at 318K. What 
will be the value of the rate constant and x/m. at 308 K ? 

Solution 


k (rate constant) =A e ERT 


In 42 _4:(F-_7-) 


Tro ONY Ti Ts 
E, 
or In ka=ln kıt R (+ = +) 
Now, T1=318 K, E.=37.3 kJ mol and 
T2=308 K 
5 ee 37300 ( 1 1 
log ke=log (1.2X 10-9) + Sar x9.303 \ 318 308 
37300 X 10 


=—2.9208— 337%2.303x318x308 79208 0.1989 


k2=7.6X 10-4 s 
It can be seen that the rate constant, and hence the rate of chemisorp- 
tion, decreases with decrease of temperature. 
Now, like an equilibrium constant, 


AS AH 


(a 
pare M 
©) SRNE 
Can ]T, 
A a iae ale 
or log Cae T toe( 2), +3303RL T: z] 
Now T, = 318 K, AH= —72.1 kJ and: T,=308 


SRE __72100 fhe: eae 
log Naps = 198 2-9) 7,303X8.31 L 318 x. 


72100x 10 
= log (2.5)+ 97393% 8.31% 318 X 308 


iog (Z) = 0.3979+0.3846=0.7825 


(4) = 6.06 g per gram of adsorbent 
m /308 


It can be seen that the amount of oxygen adsorbed is much more at 
equilibrium although the rate of chemisorption decreases. Thus, both 
kinetic and equilibrium factors are important for industrial processe: 
where the maximum yield is desired at a reasonable rate. 4 
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22.3 CHARACTERISTICS OF ADSORPTION BY SOLIDS 


(a) x/m depends on the chemical nature of both the adsorbent and 
adsorbate, and their physical state, 


(b) x/m also depends on the equilibrium concentration or pressure 
of the adsorbate, and the temperature. 

(c) Adsorption is generally reversible. 

(d) Adsorption is generally accom 
entropy. The two factors have 
energy for the chemisorption. 

(e) Adsorption can be highly selective, i.e. the given a 
adsorb preferentially over a particular adsorbate. 


panied by decrease in enthalpy and 
opposing effects on the Gibbs free 


dsorbent may 


22.4 ADSORPTION ISOTHERM 


A relation between x/m and the equilibrium concentration (solution) of 
Pressure (gas) of the adsorbate at a fixed temperature is called the 
adsorption isotherm. This may be obtained experimentally by deter- 
mining x/m as a function of C (or p). It has been found from experi- 


ence that the adsorption data can be fitted to some empirical relation 
called the adsorption isotherm. The most Common types are discussed 
below. 


22.5 FREUNDLICH ADSORPTION ISOTHERM 


The Freundlich adsorption isotherm js Tepresented by the equation! 
E 


Ai (for solutions) ; (22.14) 
or = =kp" (for gases) (22.18) 


log k. 
o level o 


22.6 LANGMUIR ADSORPTION ISOTHERM 


The adsorption isotherm (Fig. 22.1a) is Tepresented by the relation 


Mig fd, 22.2) 
AE ( 
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is known as the Langmuir adsorption isotherm and, at very high pressure, 
it acquires the limiting form 

Xo a È 

ANTA (22.3) 
when xo/m becomes constant, i.e. a given adsorbent cannot adsorb more 
than Xo/m of the adsorbate according to this equation. In order to 
determine the parameters a and b Eq. (22.2), the equation may be written 
in its inverse form: 


m_ _ itbp = 6 ab 1 
x ap a ap 
m yh 
z x / slope= BS 
m eet 
~<a—— intercept = 2 
1S 
Sa ip 
FIG. 22.la Langmuir adsorp- FIG. 22.1b 4 plot of mlx against 
tion isotherm Lip gives a straight line with 


slop2 = Ija and intercept = bla 


A plot of m/x against 1/p gives a straight line (Fig. 22.1b) with slope 
and intercept equal to 1/a and b/a, respectively. Thus, both parameters 
can be determined. ; 

Equation (22.2) was first derived by Irving Langmuir. He assumed: 

(a) The surface is uniform, i.e. all molecules are adsorbed with the 

f same enthalpy and entropy of adsorption and there is no inter- 
action between the adsorbed molecules. 

(b) Only a unimolecular adsorbed layer is formed. At equilibrium, 
two opposing processes, viz. adsorption of molecules from the 
gas phase and desorption of the adsorbed molecules, have equal 
rates. If pis the equilibrium pressure of the adsorbate and 
0 ( = x/Xo) is the fraction of the surface covered by them, 


Rate of adsorption = k, (1—0) p (22.4) 
Rate of desorption = k, 0 (22.5) 
At equilibrium, kə 0 = Ee =k p—k,0p 
1 

k i, P b 

a BS ai F 5 ia ix E (22.6) 
1+ksp 
but ga a wam E bp 


Xo xom  1+bp (22.7) 
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For a given experiment, xo/m is constant and (22.7) may be rewritten 
as 


Xo 

ari 
Sanne, Lap (22.8) 
m 1+-bp 1+bp 


The equation is identical to eq. (22.2). It also tells us that (b = ka/ks) 
isan equilibrium constant and ais proportional to the equilibrium 
constant. At low pressures, it reduces to 


a (22.9) 
Tee 
and at high pressure it becomes 
LD Bat ALN (22.3) 
ana SD 


i.e. adsorption is independent of pressure and the maximum value of 
adsorbate per gram of the adsorbent is xo/m. Physically, it means that 
0 = 1 and the surface is fully covered. We can calculate the number of 
molecules adsorbed on 1 g of the adsorbent and, from the area occupied 


by one molecule of the adsorbate, it is possible to calculate the surface 
area per gram of the given adsorbent. 


EXAMPLE 22.3 The adsorption of nitrogen on a metal powder obeys 


the Langmuir equation. The following experimental results have been 
obtained. 


git net 
p (torr) 1 5 10 30 70 nid 
x/m 0.75 1.50 1.71 1.89 1.95 a 


Determine the parameters a and b of the Langmuir equation and also 
find the maximum number of molecules adsorbed by 1 g of the adsor- 
bent. Ifthe area occupied by Nz molecules is 16 A®, determine the 
surface area of metal per gram. 


Solution We first calculate m/x and 1/p: 


E ce T 
m|x 1.333 0.666 0.585 0.529 0.513 0.505 
4 1/p (torr=) 1 0.2 0.1 0.033 0.014 0.0066 
ke. i 
when m/x is plotted against 1/p, we get slope = 0.83 torr and intercept 
= 0.5. Hence, 
1/a = 0.83 torr 3 or a = 1.2 torr“ 
bla = 0.5 


and b= 0.6 torr! 
It may be noted 


adsorbed per gram of meta! powder 


Number of moles of nitrogen 


adsorbed per goof metal == = QS 9.91786 mol 
Powder 28 


that xo/m = bja = 0.5, i.e. 0.5 g of nitrogen is 
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Number of molecules of N, 
adsorbed per gram of metal 


powder 0.01786 x 6.02 X 1023 


r = 1.07X 10? molecules 
Surface area of metal = 16X1,07x 10" A? gı 
= 16.12 x 10% Å? g71 
= 16.12 10° cm? g-1 
= 16.1210? m? gt 
The Langmuir equation for solution becomes 
x ac 
“nm iFbc (22.10) 


The units of a and b depend on the units of c and x (x can be in g, 
and g moles) as the units of m are always g. The following representa- 
tion of the equation is used quite often: 


Uh Exh NOSED 
pacer n 77 (22.11) 


where v and vo are the volumes (reduced to the same p and T) of the gas 
adsorbed at pressure p and the limiting high pressure. Equation (22.11) 
is generally used in the form 


iv Pia 
ress YT (22.12) 


4 If vis the volume of gas adsorbed per gram of the adsorbent then 
1/vo is the intercept for the straight line of 1/v vs 1/p. 
EXAMPLE 22.4 At what value of pis 0 = 0.5 in Example 22.3. The 
value of b calculated in Example 22.3 = 0.6 torr“, Now, using 
Eq. (22.11) 
TEJE 
~ l+bp 
Putting 0 = 0,5and b = 0.6 torr™ 


E OGR 
We get 0,5 = IFO.6p 
0.5+0.3 p = 0.6 p 
0.5 


or NET 1.66 torr 


22.7 OTHER ADSORPTION ISOTHERMS 


The Langmuir equation could explain only the simple isotherm 
(Fig. 22.1). However, four other general types of isotherms have been 
observed in the adsorption of gases on solids (Figs. 22.2 and 22.3). 

The isotherms of Types IL and III were explained on the basis of 
multilayer adsorption. Brunauer, Emmett and Teller proposed that the 


500 Physical Chemistry: Principles and Problems 


Type Il Type Ill 


alx 


e p ——> 


FIG. 22.2 Adsorption isotherms of types II and ILI 


adsorption involves the formation of multi-molecular layers on the sur- 
face. They derived an equation (called B.E.T. equation) 

p 1 C—1 ) D 

= 2.13) 
ROD) re CON GC.) po @ 
where v is the volume (reduced to standard conditions) of gas adsorbed 
at pressure p and temperature T, p° is the saturated vapour pressure of 
the adsorbate at the given temperature of adsorption, vọ is the volume 
of gas adsorbed in making a unimolecular layer and C isa constant. Jf 
we plot p/[v(p°—p)] against, p/po, we get a straight line with slope and 
; Call 
intercept equal to He and -4 T respectively from which the values of 
0 

va and C can be calculated. The value of vo can be used for determining 
the surface area of the adsorbent. For curve Il, E,>Ex, where E; is the 


heat of adsorption of the first layer and Ez is the heat of liquefaction of 
the gas. For the isotherm of type II, E< Ex. 


Type IV Type V 


m 


> 


R P> 


FIG. 22.3 Adsorption isotherms of types IV and V 
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In addition, isotherms of types IV and V were observed. In these 
cases it was suggested that, in addition to the formation of multilayer 
adsorption, the gas gets condensed in the pores and capillaries of the 
adsorbent. For an isotherm of the type IV, E:> Ez, and for the type 
V, E,<Et. 

EXAMPLE 22.5 The adsorption of butane over 2 g of metal catalyst has 
been studied at 273 K and the following results have been obtained: 


Eq. pressure p (torr) 56.4 89.5 125.2 156.6 179.3 187.5 
Volume of gas adsorbed 
at S.T.P. v(S.T.P.) 18.22 21.98 25.31 27.81 29.61 30.17 


If the area occupied by butane molecule is 44.5 Ag and its satura- 
tion pressure at 273 K is 774.4 torr, calculate the surface area per gram 
of the catalyst. 

Solution We apply the B.E.T. equation 


peel ct) Z 
Tsp) E Ho) pe 


p l p 
against 

We have to plot > Op E i mE 

we calculate both quantities 


03 4.31 5.95 7.62 9.11 10.18 10.59 


eS 
v (pP°—P) , 
P %10 7.28 11,56 16.17 20,22 23.15 24.21 

SET Era aN aS REN. 

t fh and È gives a straight line with intercept 

The plot of 5 (p=) z 


-1 _) 351073, From these we obtain C=22.05 cm™ and vo=26.13 


vo 


cm’. This is for 2 g of catalyst. For tg, the monolayer is formed by 


26.13 _ aE 
oe 13.065 cm? 22400 mol 


13.065 
Number of molecules of CaHio= 72400 


per gram = 44.5Xx 3.51 X 10% A =15, 6X 1022 A2 
=15.610° cm? g. 


X 6.02 X 103=3. 2: X 1020 


Area 


22.3 ADSORPTION FROM SOLUTIONS 


Solids can adsorb dissolved substances from solutions also, Common 
examples are the adsorption of colouring impurities by activated char- 
coal in decolourizing of solutions. 

Adsorption from solutions generally follows the equation proposed 
by Freundlich. This may be expressed as 


x n 
T ee (22.1) 
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where —~ is the amount of solute absorbed, per gram of absorbent, 
m 


from a solution of concentration C, at a given temperature, and k and n 
are constants for the given adsorbent and solute. 


The value of n is less 
than unity. 


22,9 ADSORPTION FROM MULTI-COMPONENT ADSORBATE 


If the adsorbate consists of two or more than two components, there is 
competition between these components to occupy the surface. If all the 
components obey the Langmuir adsorption isotherm, their b will be 


different and the fraction of the surface 0; occupied by component i is 
given by 


= 2.14) 
ESAN Q2 


22.10 HETEROGENEOUS CATALYSIS 


There are many chemical reactions which take place only in the presence 
of certain solid surfaces, and occur at very slow rates in the absence of 
such solids. These solid substances are called heterogeneous catalysts. 
Some typical examples are: 


(a) Solid catalyst+-gaseous reactant NHs is synthesized from Na 
and Hz over Fe/Mo as catalyst: : 


Fe/Mo 
N:+3H, ———> 2NH3 


(b) Solid catalyst+liquid reactant The decomposition of H:02 is 
catalysed by platinum black: 
Pt black 
H20, ———> H,0+4 02 
(c) Solid catalyst +gaseous and liquid reactants Oxidation of liquid 
hydrocarbons to carboxylic acid over cobalt bromide. 


CoBra 
R—CH;+ $ O: LEFTIES RCOOH-+H:0 
22.11 KINETICS OF HETEROGENEOUS REACTIONS 


The reactions involyin 
explained in terms of 


The rate of t 
of the reactant 


P . e 
g one molecule or decomposition reaction may b 
the Langmuir adsorption isotherm. 


he reaction is defined by the rate at which the pressure 
decreases, i.e. 


on en 
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ETAPA 

Tate= dt { 

If only the adsorbed species react and no product molecule is adsorbed, 
it should be proportional to 0, i.e- 


aA ER 
rate Say ae ko = 1Fbp 
EE E 
oh dt ~“ 1-+bp (22.15) 


Equation (22.15) is valid at all pressure. However, the kinetics of the 
reaction simplifies to a great extent under extreme conditions, i.e. 
(a) Very low pressure In this case the term bp can be neglected 
compared to 1 in the denominator, aad the equation becomes 
dp 
Shere hee (22.15a) 
i.e. the rate is proportional to the first power of p, and hence behaves 
like a first order reaction with the first order rate constant equal to kb. 
(b) Very high pressure Unity can be neglected compared to bp and 
Eq. (22.15) reduces to 
qj 
-F =k = ko (22.156) 
i.e. the rate becomes independent of p and a zero order reaction with 


rate constant=k. 


22.12 KINETICS OF RETARDED REACTIONS 


In some reactions, in addition to the reactants, products are also 
adsorbed on the surface. Asa result, the fraction of the surface 
adsorbed by the reactant decreases and, therefore, the rate of the 
reaction decreascs. Thus, a strongly adsorbed product will retard the 
reaction. Consider the reaction 
A— > B+C 
bapa 
eh RN ARA 
he 1--bapa+ bepa+bepe (22.16) 
the rate of the reaction is given by 
ae: kopa 
Rate = kO4 = FF bapa +bapo+bcpe (22.17) 


It can be seen that adsorption of B and C will retard the reaction. How- 
ever, the quantitative relation will depend on the relative values of bps 
and the partial pressures of the reactant and product molecules. 


If product B is strongly absorbed compared to A and C, 


kopa Ek 
rate=- ppe ko palps (22.18) 
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_ The decomposition of NH; on Pt at 1138°C follows this equation as Ha 
is strongly adsorbed. 


If product B is moderately adsorbed but much more than A and C, 
the rate equation becomes 


kopa _ (22. 19) 
1+bzps 
The decomposition of N20 on platinum follows Eq. (22.19). 


Rate= 


22.13 CATALYTIC POISONS 


Substances which lower the catalytic activity ofa surface are called 
catalytic poisons. In most cases, the poisoning is due to the inhibitor 
or poison being preferentionaily adsorbed on the surface. 


Poisons may 
be of two types, temporary and permanent, 


In temporary poisoning, 
the activity of the surface decreases temporarily. As soon as the poison 


is removed from the presence of the catalyst the surface becomes active. 


On the other hand, permanent poisoning involves a chemical interaction 
with the surface and forms a new catalytically inert surface. 


QUESTIONS 


Numerical Problems 


22.1 Adsorption of methane has been studied by Langmuir at 90 k. The following 
data have been obtained: 


Equilibrium 


pressure (bar) 13.4 11.1 9.6 8:55 T4 6.68 5.85 


= (cm? g-1 at 
S.T.P.) x10? 8.50 8.04 7.59 716% 6 6:79, 6.42 6.12 


Calculate the values of constantsa andb in the Langmuir equation and 
also determine the value of yọ. 


22.2 Five grams of a catalyst adsorb 400 cm? of nitrogen (calculated at S.T.P.) to 
forma monolayer, What is the surface area per gram if the area occupied by 
a molecule of Ns is 16 A®. 

22.3 Four grams of a substance adsorb 87.5 cm? of oxygen at 450 torr and at 37°C. 

My 

Express ~ in different ways (e 8-1, mole g-1, v (S.T.P.) g7! 

22.4 Charcoal adsorbs a solute from its aqueous solutionánd obeys the Freundlich 
isotherm. The following data were obtained : 
Equilibrium concen- 
trationx10? M 2.0 4.0 6.0 8.0 
zim 0.185 0.290 0.364 0.428 
Determine the values of k and n. 

22.5 


For an adsorbent-adsorbate system obeying the Langmuir adsorption 
isotherm, a=0.48 bar-1 and b=0.16 bar™!, At what pressure will 50% of the 
surface be covered ? 
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QUIZ QUESTIONS 


Type A: Multiple Choice 


22.6 


22.7 


22.8 


22.9 


22 10 


22.11 


22.12 


22.13 


The enrichment of chemical substances at the surface of a solid is called; 

(a) adsorption (b) absorption 

(c) sorption (d) isotherm 

The substance on whose surface adsorption takes place is called the 

(a) adsorbent 

(b) adsorbate 

(c) active substance 

(d) porous substance 

Which of the following characteristics of adsorption is wrong ? 

(a) Adsorption on solids is reversible in nature. 

(b) Adsorption, in general, increases with increase in temperature, 

(c) Adsorption is generally selective in nature. : 

(d) Both enthalpy and entropy of adsorption are negative. 

In terms of the amount of the substance adsorbed per gram of the adsorbent 
(x/m), and pressure P of the gas, the Freundlich adsorption isotherm is 
represented as 


ony SOI, 
O mo 
(b) Š = kp 


OA (5 yr 


x kiN” 
(8) PEFS ( P ) 
The Langmuir adsorption isotherm shows that the amount of adsorbed gas 
per gram of the solid is equal to 


a p 
TSE 


(©) {=bp 
(d) a(1+bp) 
According to the Langmuir isotherm, when the pressure of the gas is very 
large, the adsorption 

(a) is directly proportional to pressure 

(b) is inversely proportional to pressure 

(c) is directly proportional to the square of the pressure 

(d) is independent of pressure 

If 6 is the fraction of the surface occupied by adsorbate molecules at equi- 
librium, then, according to the Langmuir theory, the rate of condensation is 


given by 
(a) a0 (b) ap 
(c) a (1—8) P (d) a (1—0) 


where a is a constant. : 
Which of the following isotherms was successfully explained by the Langmuir 


unimolecular layer theory ? 
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22.14 


22.15 


22.16 


22.17 


22.18 


2 
(a) (b) pe 
/ 
/ 
x x 
m ™ 
pPp—__ > p pæ 
Ke) Ca) 
x nae 
m m 
p—__, ip are 


In the Langmuir adsorption isothe 
adsorbed per gram of the adsorbe: 
(a) p 


tm, when p->0, the amount of substance 
nt is proportional to 


tb) I/p 
(c) p (d) po 
The kinetics of the decomposition of ammonia on the tungsten. surface 
follows 


(a) zero order 
(b) first order 
(c) second order 
(d) third order 


Retarded reactions are those 


(a) in which the rate of the reaction is independent of Pressure lid 

(b) in which products are strongly adsorbed on the surface of the soli 
catalyst 

(c) which are reversible 

(d) for which AG is posi 

When the gas is only Slightly adsorbed on the surface of the catalyst, the 

rate of decomposition is 


under all conditions 
tive 


Oa = kp 
O -P kp 
(Cy Ss ae — k 
dp k 
ae nacert 
The adsorption theory can 
(a) 


explain the action of all these except 
heterogeneous catalysis 
(b) catalytic poisons 


22,19 


22.20 


22.21 


22.22 


22.23 


22.24 


22.25 
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(c) acid-base catalysis 
(d) promoters 
Catalytic poisons act by 
(a) getting adsorbed on active cenires on the catalyst surface 
(b) chemical combination with any one of the reactants 
(c) increasing the rate of the backward reaction 
(d) making the products inert. 
Which of the following is an example of a heterogeneous catalysed reaction ? 
[0] 
(a) SO:+}0: ERA SOs 
+ 


(b) CH;:COOC:H; ———> CH;COOH + C;H;OH 


Pt 
(c) H0: ———> HO + 40: 
I; vapour 
(d) CH;CHO —-———> CH; + CO 


The adsorption theory explains 
(a) homogeneous catalysis 
(b) acid-base catalysis 
(c) heterogeneous catalysis 
(d) enzyme catalysis 
Which of the following is not an example of heterogeneous catalysis ? 


V:05 
(a) SO: + 302 ——> SO; 


CoBra 
(b) RCH; + 30: ——— RCOOH + H:O 
Ni 4 
(c) Unsaturated oi] + Ha ——> Saturated oil 


NO 
(d) SO. + 30: ——> SOs 
100 ml of 0.3 M acetic acid is shaken with 0.8 g wood charcoal. The final 
concentration of the solution after adsorption is 0.125 M. The weight of 
acetic acid adsorbed per gram of carbon is 
(a) 1,050 g (b) 0.0175 g 
(c) 1.318 (d) {0.125 g 
A substance which lowers the catalytic activity of a catalyst is called a/an 


(a) autocatalyst 

(b) negative catalyst 

(c) promoter 

(d) poison Sa 
The Langmuir theory of unimolecular adsorption is generally valid at 
(a) low pressures and low temperatures 

(b) low pressures and high temperatures 

(c) high pressures and low temperatures 

(d) high pressures and high temperatures 


Type B: True or False 


22.26 


The term sorption is used for both the adsorption and absorption 
phenomena. 


22.27 The substance which is adsorbed is called the adsorbent. 


22.28 


22.29 


The phenomenon of adsorption occurs because the molecules at the surface 
of the solid are in a higher energy state. 

For a substance to be an effective adsorbent, it must be in a finely divided 
state. 


a 
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22.30 The heat of chemisorption is much higher than physica] adsorption. 


22.31 At very high pressures, adsorption generally becomes independent of 
pressure. 


22.32 The extent of adsorption depends on the nature of the adsorbate and not on 
the adsorbent. 
22.33 Generally, adsorption decreases with increase in temperature, 


22.34 The Langmuir adsorption isotherm considers only a unimolecular layer of 
the adsorbate molecules. 


22.35 In the Freundlich adsorption isotherm, x/m = kp”, the value of n being more 
than 1. 

22.36 Hydrogenation of an unsaturated oil over nickel is not an example of 
heterogencous catalysis. 

22.37 Heterogeneous catalysed reactions can be explained. by the adsorption 
theory. 

22.38 Adsorption is an irreversible process, 

22.39 


In retarded reactions, the products are More strongly adsorbed than the 
reactants. 


22.40 Adsorption decreases surface energy. 
Type C: Fill in the Blanks 


22.41 In physical adsorption, the molecules of the adsorbate are held by ————~~ 
forces, j 
22.42 In the phenomenon of —————— 


, the molecules of the substance are dis- 
persed in the entire bulk of the other substance, 


22.43 According to the Langmuir adsorption isotherm, when p is ————— F. 
adsorption becomes independent of pressure, 


22.44 One such isotherm which takes into account the multimolecular layers of 
adsorption is 


22.45 Substances which lower the catalytic activity of a surface are called 


ANSWERS 


Numerical Problems 

-4 
22.1 a= 1.896 cm" g-1 bar-i, b= 0.146 bar-1 222 344 mt g- 22.3 $,265%10 
mol g-t, 1,685 10-? g of oxygen/g, 11.79 cm? (STP) 871 22.4 k = 2.06, n = 0,616 
22.5 1,25 bar 
Quiz Questions i 
22.6 (a) 22.7 (a) 228 (b) 22.9 (b) 22.10 (a) 22.11 (d) 22.12 (c) 22.13 2 
22.14 (c) 22.15 (a) 22.16 (b). 22.17 (a) 22.18 (c) 22,19 (a) 2220 h E 
22,21 (c) 22.22 (d) 22.23 (c) 22.24 (d) 22.25 (b) 22.26 True 22.27 False 
22.28 False 22.29 True 2230 False 22.3] True 22,32 False 22.33 True 
22.34 True 22.35 False 22.36 False 2237 False 22.38 False. 22.39 True 
22.40 True 22.41 


van der Waals 22,42 absorption 22.43 Very large 
22.44 B.E.T. equation 22.45 Catalytic poisons 


23 
Colloids and Macromolecules 


Thomas Graham (1861) on the basis of diffusion studies drew a 
distinction between colloids (glue like, e.g. proteins, gums, etc.) and 
crystalloids (low molecular weight substances) and observed that the 
colloids did not diffuse through membranes while crystalloids did. This 
definition is no ionger tenable as almost all substances can be brought 
to the colloidal state, although with great difficulty in some cases. A 
colloidal system consists of a dispersed phase and a continuous phase 
(also known as dispersion phase). The dispersed aud continuous phase 
may be present in the gaseous, liquid or solid state. Out of the nine 
possibilities (3X3) only the combination gasin gas does notlead toa 
colloidal system while the remaining eight combinations exist as given 


below: 
TABLE 23.1 Different types of colloidal systems 
Dispersed phase ` Dispersion phase Common name Example 
Liquid Gas Aerosol of liquid Mist 
particles 
Liquid Liquid Emulsion $ Milk 
Liquid Solid Solid emulsion Jellies 
Solid Gas Aerosol of solid Smoke 
particles 
Solid Liquid _ Colloidal suspension Blood 
or sols 
Solid Solid Solid suspension Certain precious 
stones 
RIG Liquid Foam Whipped cream 
Gas Solid Solid foam Polystyrene foam 


STICS OF COLLOIDAL PARTICLES AND 


23.1 CHARACTERI 
YPES OF COLLOIDS 


DIFFERENT T 


The size of colloidal particles (particles of the dispersed phase) lies in the 
range 1-1000 nm (10-10,000 A or 0.001 to 1 pm) and therefore these 
have large interfaces with the continuous phase per gram of colloidal 
material. The colloidal particle may have the same structure as the bulk 
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material (metals, insoluble salts, etc.) or may be obtained by the aggrega- 
tion of small molecules in an appropriate solvent. For example, sodium 
Stearate in water forms a colloidal system by the aggregation of stearate 
ions. Solutions of natural or synthetic macromolecules are true solu- 
tions but behave like colloids as the size of a sing 


gle molecule lies in the 
colloidal range. Such systems are thermodynamically stable as the free 


energy of their solution is negative. On the other hand, many colloidal 


suspensions are metastable as their free energy decreases when aggrega- 
tion of the colloidal particles takes place, 


EXAMPLE 23.1 A go!d sol contains 0.193 g of gold per dm’. The 
particles are spherical in shape with radius of 120nm. How many 
particles are present in 10-4 m3 of the sol? What is the interfacial 
area of the gold particlesin 1 m? of the sol? The density of gold 
is 19.3 g cm73, 
Solution Amount of gold Present in 1 dm? of sol = 0.193 g 
ji _ 0.193 g 
Volume of gold present in 1 dm? of sol 79.3 g cm~ 
= 0.01 cm? = 0.01 x 10-8 m? 

Radius of gold particle = 120 nm = 120x 10~° m 
Volume of gold particle = 4/3 ar? = 4/3 X3.14x (120 x 107°)? 
= 7.2% 10-21 ms 
m? of sol 

_ Total volume of gold in dm? of sol 

~ Volume of 1 particle of gold 

76 3 

= ae 138% 10"* particlés 
Number of particles present in 1 m? of sol — 1.38 x 1012 x 103=4,38 x 10? 
Number of particles present in 10-14 m? = 1,38 x 1018 x 10-14 


= 13.814 particles A 
4 x3.14 (120x 10-9)2=18.08 x 10-4 
S=18.08 X 10714 x 1,38 x 1015 m? 
; = 249.5 m? 
It can be seen that the interfacial area is extremely large. 


EXAMPLE 23.2 A soap (Ci;HssCOONa) solution becomes a colloidal 
Sol at a concentration of 1.2% 10-3 M. On the average, 2.410! 
colloidal particles are present in 1mm. What is the average number 
of stearate ions in one colloidal particle (micelle) 2 


Number of particles present in 1 d 


Surface area of 1 particle=4ar?= 
Surface area of 1.38 x 105 particle 


Solution The colloidal particle here is formed by the aggregation of 


Stearate ions in such a way that their polar groups are oriented towards 
water and the hydrocarbon chains are inwards. 

In one litre of solution we have 1.2X 10-3 M of sodium stearate: 
Therefore, 


3 
Number of sodium stearate molecules in litre = 1.2 x 10-3 x 6.02 X 10° 
= 7.210 
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7-2 X 107° 
b f mol ee 7 
Number of molecules per mm 1000x1000 7.2X104 
Number of colloidal particles per mm? = 2.4 X 1013 


2 3 7.21014 
Number of molecules pe l =o lm 
ecules per colloidal particle 24x105 30 


. i.e. on the average, the soap micelle is an aggregation of 30 stearate ions. 
EXAMPLE 23.3 One gram of a water-insoluble substance of density 
0.8 g cm is dispersed in 2/ of water, leading to the formation of a 
colloidal sol containing 10% particles of spherical shape per mm*. 
Determine the radius of the particle. 
Solution 

1 mm? of sol contains 101° particles 

1 cm? of sol contains 1013 x 10° = 1016 particles 

2 lof sol contains 1016 x2 X 10° = 2x 10" particles 

Mass of substance dispersed = 1.0g 

density = 0.8 gcm™ 
n 1.0g 

Volume of dispersed substance = D8 gem? = 1.25 cm? 

This is also the volume of 2X10" particles. Hence, 


Volume of 1 particle = ee cm? = 0.625% 10719 cm? 


= 62500 A? 


Now, volume =4 „r3 = 62500 A? 


3 P o 
yai x62500 |? A = 24.62 A 


23.2 LYOPHILIC AND LYOPHOBIC SOLS 


s are called sols. These are 


Colloidal dispersions of solids in liquid 
depending on the affinity of 


divided into the following two categories, 
the colloidal particles for the dispersion medium. 


Lyophilic (Liquid-loving) Sols $ 
Jn these types of sols there is strong interaction between colloidal 
particles and the liquid. They are true solutions of macromolecules or 
aggregates of small molecules (e.g. soap micelles) and are easily formed 
when the components are shaken together. They are thermodynamically 
stable. When the dispersion medium is water, they are known as 


hydrophilic sols. 

Lyophobic (Liquid-hating) Sols 

These are generally dispersions of insoluble substances in liquids. The 
colloidal particles have very little interaction with the liquid and, due 
to their large interfacial area (Example 23.1), their formation is 
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accompanied by an increase in their free energy. Therefore, lyophobic 
esols ate thermodynamically unstable and would ultimately separate 
into bulk phases to attain the minimum interfacial area. However, due 
to charges on the colloidal particles, their rate of coagulation is very 
slow. The sol is kinetically stable, so much so that it can remain 


stable for years together. In water as dispersion medium, these are 
called hydrophobic sols. 


Preparation and Purification of Sols 
As mentioned earlier, lyo 
solids in the liquid. Ift 
purification is needed, 
following methods are gen 
Dispersion Methods 

In this method, the bulk ma 
dimensions in the presence o 
done by mechanical grinding 
Condensation Methods 


In this method, the colloid particles are formed from atoms, molecules 
or ions by a physical or a chemical process, This include: 


(i) Bredig are method This method is suitable for metal sols. The 
evaporation of metals is c 


aused by striking an electric arc between tw 
metal electrodes dipping in a suitable liquid medium. The vapours, 
containing mostly atoms, condense in the liquid to give the sols. 
Gi) Chemical reactions Certain chemical reactions lead to insoluble 
products which aggregate to give colloidal Sols, e.g. preparation O 
As2S3 sol by reaction bety 


veen HS and HsAsOs, and preparation of gol 
sol by reduction of gold chloride. 


(iii) Change of solvent Th 
liquid in which it js easily sol 


Philic sols can be prepared by dissolving the 
he starting components are pure, no further 


For the preparation of lyophobic sols, the 
erally used. 


terial disintegrated to particles of colloidal 


fthe dispersion medium. This is generally 
in a-colloid mill, 


€ solution of a substance is prepared Land 
uble. To this is added a liquid whic 
leads to decrease in solubility and formation of a colloidal sol. For 
example, sulphur so] is prepared by dissolving it in alcohol and the? 
adding water, 


Purification of Sols 


Depending Upon the method of Preparation, a so] may contain impurities, 
electrolytes, Since these afer! lu, 
» it is necessary to get ri 
partes ag ofa suitable membrane Ga 
cellophane, ceilulo gh. which: anil molecules a 
Permeable. This is surron Gi ae 
ames nded by d ther ap 
Priate liquid). The > by distilled water (or any o 
of distilled Water is 
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Electrodialysis If the impurity is an electrolyte, the dialysis process 
can be quickened by applying an electric field across the membrane. The 
ions move faster under the field and get out of the membrane quickly. 

Ultrafiltration Colloidal particles pass through ordinary filter paper. 
However, the hole size of an ordinary filter paper can be decreased by 
impregnating the filter paper with suitable materials. The filter paper 
thus prepared is known as an ultrafilter paper. Filtration through this 
removes impurities, leaving the colloid on the paper. This may be 
diluted by the dispersion liquid. 


23.3 PROPERTIES OF COLLOIDAL SOLS 
The following are the important properties of colloidal sols: 


Colligatiye Properties 


jt can be seen from Examples 23.1 to 23.3 that the number of colloidal 
particles per litre of the scl is relatively much less:r than in a true 
solution. Therefore, the sols boil and freeze at almost the same tempera- 
ture as the pure dispersion medium and lowering of its vapour pressure 
is almost negligible. The osmotic pressure for colloidal systems, though 
smaller than true solutions, is measurable and gives information 
regarding the number of particles present per kilogram of the dis- 
persion medium. 


Optical Properties 

A colloidal sol seems transparent to the naked eye. However, when a 
beam of light is passed through a colloidal solution, the path of the 
light beam becomes visible. The visibility is due to the scattering of 
light from the surfaces of colloidal particles. This phenomenon is 
called the Tyndall effect. 

This has been used by Zsigmondy in devising the ultra-microscope 
to determine the size of colloidal particles. The scattering of light by 
the colloidal particles has been used to determine the molecular weights/ 
shapes and sizes of colloidal particles and macromolecules. 
Dynamic Properties 
Colloidal particles, when observed under a microscope, show a ceaseless 
random motion in short straight paths of different lengths and direc- 
_ tion. This phenomenon was first observed by Brown, on pollen grains 

and is called Brownian motion. This is due to the bombardment of 
colloidal Particles by molecules of the medium. The mean square 
displacement; <x°> of a particle in time ¢ is given by the Einstein 


equation: 
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2 kT (23.1) 
<r> = t vee 3 

where k, is the Boltzmann constant, T the temperature, 7 the yee 

of the medium, and r the radius of the particle. tf <x?> is eat 

for a particle by noting the value of x? at equal intervals of times, s i) 
using Eq. (23.1), k, can be determined if r is known. Equation (23. 


was used to determine Avogadro’s number as ks 


NA 

EXAMPLE 23.4 The root mean square displacement of colloidal particles 
of radius 2.1X10-° cm, in water at 17°C, is 10.6X10-* cm in 605. 
Calculate Avogadro’s number if the viscosity of water at 17°C is 0.011P. 
(Gas constant, R = 8.27107 ergs mol”! K-71). 


Solution 
<> = oT 
Nmr 
Substituting values, 
(10.6 x 10-4)? = k, X 290x 60 


3x0.011x3.14Xx2.1 x 10-5 
Solving 


k = 1.405 x 10-38 erg mol K-1 


R _ 8.27% 107 
mut Na = = 1.405% 10-38 = 5-89 108 


Surface Tension and Viscosity 
The surface tension and Viscosity of the lyophobic sol is nearly the pai 
asthat of the dispersion liquid, but those of lyophilic sols is qu! t 
different. The intrinsic viscosity (see p- 520) gives information abou 

the molecular size per mass of the colloidal Particles or macromolecules: 

Electrical Properties 


sol, particles may be eith POSitively or negatively charged, depending 
upon the method of preparation. The origin of charge may be due t 
the following reasons. 


acidity of the medium, the Particles in 
positively or negatively charged, i 

(b) Selective adsorption of ions The particles specifically plays 
+vye or —ve ions present in the medium, and hence acquire the chaté 
of the adsorbed ion, 
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Coagulation of Lyophilic Sols 


Lyophilic sols are stable due to strong interactions between the colloidal 
particles and the molecules of the dispersion medium. The lyophilic sol 
particles (proteins and polymer molecules like starch, etc.) are highly 
solvated and will remain stable unless a competing agent for the solvent 
molecules is introduced in the sol. This can be done in the following 
two ways: 

(a) Addition of electrolytes to lyophilic colloidal sols leads to 4 
competition for solvent molecules, both by ions of the electrolyte and 
the colloidal particles. Therefore, on addition of sufficient amounts of 
electrolytes, the sols coagulate. This is termed the salting out of sols. 

(b) Lyophilic sols can also be coagulated by introducing a second 
liquid which interacts strongly with the dispersion medium. 


Coagulation of Lyophobic Sols 


If the particles in lyophobic sols are not charged, they have only 
attractive van der Waals forces and would coalesce on every collision, 
leading to fast coagulation. However, as explained earlier, the colloidal 
particles are charged and have electrical double layers. The interaction 
potential energy depends on the distance and is a net result of the van 
der Waals attractive potential and the repulsive potential due to the over 
lap of charge clouds surrounding colloidal particles, This leads to 4 
potential energy barrier between the colliding particles, which, there 
fore, do not coalesce. Thus the stability of lyophobic sols is due tO the 
electrical double layer. On addition of an electrolyte to the sol, the 
concentrations of counter-ions and co-ions increase in the sol and the 
thickness of the double layer decreases. The particles can now come 
nearer without overpowering the repulsive forces at large distances. At 
short distances, the van der Waals forces are strong enough to cause 
flocculation. It has been found that the greater the charge of the countet- 
ion added, the greater is the power (low concentration) to cause coagula- 
tion. This is known as the Hardy-Schulze rule. For example, the coagula- 
pomboen ot negatively charged particles (e.g. As,S3) is in the order 
Al*>Ba**>Na‘, while for positively charged particles (ferric hydrous 


oxide the co i is i = z 
agulation power is in the order PO} SO >C. 


The flocculation value of an electrolytic is defined as the minimum 


number of milli-moles of a: i i 
its coagulation. n electrolyte per litre of the sol required for 


Deas, In 2 coagulation experiment, 5 ml of AszSs sol is mixed 
the total vol water anda 0.1 M solution of sodium chloride so that 
more fay atk A 9 ni . it has been found that all tubes containing 
is the fl Same sodium chloride coagulate within 5 minutes. What 

occulation value of sodium chloride for As:Ss sol? | 
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Solution A minimum of 4.7 cm? of electrolyte in 10 cm’ is required to 
coagulate the sol. The molarity of sodium chloride in the sol is 

_ 4.7X01 _ 

Fa T 0.047 
This means that a minimum of 0.047 moles of NaCl should be present 
in 1 litre so that coagulation takes place. Therefore, by definition, the 
coagulation value is 0.047 x 1000 moles. 


23.5 PROTECTION OF COLLOIDS 


The coagulation of lyophobic colloids by electrolytes can be reduced 
by the addition of some lyophilic sols. The added lyophilic sols are 
called protective colloids and their action in stabilizing lyophobic sols is 


called protective action. 

The protection of colloids is of great industrial importance. The 
protective power of each protecting colloid is described in terms of the 
gold number (introduced by Zsigmondy). The gold number is defined as 
the number of milligrams of the lyophilic substance required to prevent 
tion of 10 ml of a given” gold sol (containing 0.5 to 0.018 g of 
adding 1 ml of a 10 per cent solution of sodium chlo- 
lation of a gold sol is indicated by a change in colour 

Obviously, the smaller the gold number the larger will 


coagula 
gold per litre) on 
ride. The coagu 
from red to blue. 
be its protective power. 


23,6 EMULSIONS 
These are colloidal systems in which both the dispersed phase and the 
m are liquids which are immiscible. In most cases, one 
ater and the other an oil. Accordingly, we 
come across two types of emulsions — oil-in-water and water-in-oil. 
Substances which make emulsions stabler are called emulsifiers. 
These are generally long-chain molecules with polar groups. For 
example, soaps, proteins and long-chain sulphonic acids act as emulsify- 
ing agents. The stabilization of an emulsion by means of an emulsifier 


is called e ulsification. 


dispersion mediu 
of the liquid phases is w 


23.7 GEL 

A gel is a colloidal system in which a liquid is dispersed in a solid. 
Under certain conditions, the lyophilic sol may be coagulated to give a 
semi-rigid jelly like mass which encloses ali the liquid present in the sol. 
The product so obtained is called a gel and the process is called gelation. 
Gels are of two types—elastic gels (agar agar, gelatin) and non-elastic 


gels (silica gel). 
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23.8 MACROMOLECULES 


Macromolecules or polymers are substances with molecular masses 
greater than 10,000. These consist of hundreds or thousands of smaller 
molecules joined together. The smaller molecule is called a monomer 
and is the repeat unit. These may be arranged linearly as links in a chain 
(linear polymer), or interconnected by a three-dimensional network. The 


number of repeat units in a polymer is called its degree of polymeriza- 
tion. Polymers are of two types: 


(a) Natural polymers 


Examples are proteins, polysaccharides, 
resins, rubber, silk, etc. 


(b) Synthetic polymers A few examples of synthesized polymers are 
polyethylene, nylon, dacron, teflon, polyvinyl chloride, etc. 


23.9 MECHANISM OF POLYMERIZATION 


Carothers (in 1929) classified polymerization reactions as condensation 
and addition polymerization. 


Condensation Polymerization 


In this process, polymers are formed by reactions in which small 
molecules such as H:O or NH; are eliminated from the reactant 


monomer molecules. For example, polyester is formed by the condensa- 
tion of glycols with dibasic acids by the elimination of water: 


n[HO—R—OH]+n[HOOC—R’—COOH] ==> 
HO[-R—0—C-R'—C—0 —],H+(2n—1)H:0 
ll ll 
(0) Oo 
Addition Polymerization ; 
In this process, polymerisation takes place without the elimination of 
any small molecules. The chain may be initiated by ligbt, free radicals 
produced through small initiations, suitable cations, or anions. F° 
example, vinyl monomers polymerize to give polyvinyl compounds: 


n[XCH=CHY] ——-, Sty 
KEEN, 


. 23.10 MOLECULAR WEIGHTS OF POLYMERS 


ee weight of a single polymer molecule can be obtained DY 

TAr AE molecular weight of the repeat unit by its degree Be 

wilde lon. Generally, a polymer sample contains macro molecu! 
stent degrees of polymerization, Therefore, the sample bas g 
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be characterized by an average molecular weight. There are two 
important averages. 


Number-Average Molecular Weight (M,) 
If m, Mg, "s, --- are the number of molecules with molecular weights 


Mi, Mz, Ms,..., respectively, then the number average molecular 
weight is È 
Wee nıMı+neMə+nsM; +... aes 
m+n ++... oa 
ae, Zn Mı: 
or M, = Tae = Ax Mı 


where n, is the number of molecules of the ith type with molecular 
weight M,, and x; the mole fraction of polymer of molecular weight M;. 


Weight-Average Molecular Weight (M) 

If my, Ms, ms,... are the masses of species with molecular weights 
Mı, Mo, Ms, .. +, respectively (m, = nM; where n is the number of 
molecules with molecular weight M,), then the average molecular 
weight is 


if m,M,+m2M.+m3Ms+. - - 


r m+mtm +... 
m, 2 m Mı 
or y, am, 


But m, = nM; 
ln MP _ 2x, MP 


Mv = Fn, M, =x, Mı 
EXAMPLE 23.6 A sample of polymer contains 5, 25, 40 and 30 per cent 
molecules of the polymer with molecular weights 10,000, 12,000, 
13,000 and 15,000. What is the mole fraction of each type of polymer 
molecule and what are the number and weight-average molecular 


hts of the polymer sample ? 


weig 

Solution 
cal ae __ Number of molecules of type i 

Mole fraction, *: = — Total number of molecules 


i =. the number of molecules is 100. 
ee ae mole fractions are 5/100, 25/100, 40/100, and 30/100, 


i.e. 0.05, 0.25, 0.4 and 0 3. 


Sor aan 
Ma = 9 000-+ 0.25 X 12,000+ 0.4% 13,000+0.3 15,000 
S00 4-3000 +5200-+4500 = 13200 


Zx Mto 05(10,009)+0.25(12,000)"+0.4(13000) +0.3(1 5000) 


AT SMi 13200 
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5x 10°+36 x 108+ 67.6 x 108+ 67.5 x 10% 
13200 


6 
= re = 13.34X 10° = 13340 


23.11 METHODS FOR DETERMINATION OF MOLECULAR 
WEIGHTS 


The common methods are as follows. 
Viscosity Method 


If 7 is the viscosity of the polymer solution at concentration c, and 70 


is the viscosity of the pure solvent, the terms relative, specific and 
reduced viscosities are defined as 


Relative viscosity (nr) = Fe (23.3) 


Specific viscosity (nsp) = 4:—1 = mea (23.4) 
0 


Reduced viscosity (7rea) = T 


where c is the concentration (g/100 ml) of the Polymer in the solution. 


The intrinsic viscosity is the reduced viscosity when concentration 
approaches zero, i.e. 


Tint = limit (22 
c>0 c 
Thus, rea for several concentrations of Polymers are determined and 
mint Obtained by the intercept of the curve betw 


intrinsic viscosity is related to molecular weight 

mnt = k Me (23.5) 
where k and « are- constants. Their values can be determined by draw” 
ing a graph between log mint and log M for solutions of polymers ° 
known M. The slope of the line is a and the intercept gives log k. Th? 
constants are specific for a partic ie 


: ular series of m responds 
to the weight-average molecular weight when « eas It corresP 


een rea and c. The 
Mas 


Osmotic Method 


The osmotic 


Pressures (7) of soluti 
(c) are deter ; 


i x ons of differ centrations 
mined with an osmom ent small con 


to molecular weight as eter. The osmotic pressure is related 
M = RT 
mT 


w i : : 
1 M mass (g) of the solute dissolved in one litre of solutio”: 
graph is then plotted between (m/c) and (c) so that the intercept for 
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c = 0 gives RT/M from which M caa be calculated. This gives the 
number average molecular weight. 


EXAMPLE 23.7 The osmotic pressure of nitrocellulose has been measured 
concentrations, at 27°C in acetone, and the following data 


at various 

obtained. Determine molecular weight of the nitrocellulose samples 
C (e/D 1.16 3.66 8.38 19.0 
x (torr) 0.47 1.93 6.02 19.12 

Solution 


From the above data we obtain the value of z/c at different concentra- 
tions and draw a graph between m/c and c to obtain 7/c at limiting zero 
concentration. 


c 1.16 3.66 8.38 19.0 
zje 0.405 0.527 0.718 1.006 


The limiting value of RT/M is obtained from the intercept at c = 0 and 
is equal to 0.335 torr / ge 


R 
RE is 0.355 torr l g + 


M 
RT 
M = ios i 
The units of R should agree y t2 
with the units of 7/c. T 08 
0.082 x 760 X 300 04 
T WBRZ Si oy 

M 0.355 0.0 intercept =0:355 ! 
M = 52665 5 w 15 20 


Sedimentation Method FIG. 23.1 Graph of z|c and c 


The rates of sedimentation of colloidal solutions can be accelerated by 
applying the ultracentrifugal technique. In the ultracentrifuge, there is 
an optical arrangement to determine the concentration of polymer 
molecules at different depths in the cell. There are two methods. 
Sedimentation equilibrium An equilibrium distribution of the polymer 
molecules is obtained when the rate of diffusion from l the bottom to tha 
top of the cell is equal to the rate at which the particles settle down. 
If c, and Ca are the concentrations at depths xı and xz, P 18 the density 
of the solvent, V the specific volume of solute and o the pe ae 
in radians pet second, thea molecular weight M is given by the relation, 


C: 
2RT ln ece 
M= Gaye we) 
tained by this method is weight average. 
thod In this method, a reference layet te 
and the velocity (dr/dt) with which 


The molecular weight ob 
2 velocity me 


Sedimentatio! 
les in the cell is chosen 


macromolecu 
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it moves towards the bottom, due to rotation, is determined. The 
molecular weight is 

RTS 

M D (1—7 p) 

where S is the sedimentation velocit 


y dr/dt at depth r, T the temperature 
and D the diffusion coefficient. 


EXAMPLE 23.8 A solution of a protein is rotated in an ultracentrifuge at 


9000 revolutions per minute, at 300 K. The concentration of protein at 
distances 4.55 and 4.5 cm are 0.915 a 


Calculate the molecular wei 
solution is 0.999 g cm=3, 


Solution 


nd 0.816 per cent, respectively. 
ght of protein if the average density of the 
The specific volume of protein is 0.80 cm? g~- 


M = 2RT In C,/C, 
(1p V2) w(x — x) 
where w is the angular velocity, 
rotates in one second 


i.e, the number of radians by which it 


<UL SON ie 
U= 60 X 27 = 942 st 
T =300K 


Substituting the values R (8.31107), C, 
va (0.8), xa (4.55) and xı (4.5), we obtain 
M= 2X8.31x 107 X 300 x 2.303 


log (0.915/0.816) 
(1 — 0.999 0.8) (342)? (4.552 — 4.53) 
= 70826 


‘EXAMPLE 23.9 A gold sol allowed t 
gravitational field. The numbers 


(0.915), Cı (0.816), p (0.999), 


© sediment to equilibrium under a 

of particles at height differences 
4.58% 10- cm are 334 and 41 at 290 K. If the density of gold is 
19.3 g cm~? and the radius of the gold particle is 62.5 x 10-7 cm, 
calculate the Avogadro numter, 


Solution 


nN N 
m RTV ES Po) g (ha — h) 


RT In Z 2.303 RT log + 
i ES ea Ny 
v(e= py) € (ha—hy) V(e—pp) & (tz —h,) 


4 
3 7 (62.5 x 10-7)? = 1.02 x 10715 


y= da = 


Substituting the values of 71(334), 1241), (290), (19.3) po(1), ho —Ha 
(4.58% 10-8), R(8.31x 107) and £(981), we obtain 
N= -2303 x 8.31 x 107 
1.02 x 10-8 (19,3 — 
= 6.028 X 192% 


X 290 log (334/41) 
1) 981 x 4.58 x 10-3 
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EXAMPLE 23.10 For myoglobin in water at 20°C, the following data 


are known 
7 = 0.741 cm? g}, S = 2.04 x 10% s and 


D =11:3 x 10m, 
Calculate the molecular weight of myoglobin. 
Solution ; 
RTs 
M = Die) 
R = 8.31 xX 107 erg mol K 4, T = 273 +20 = 293K, s = 2.04 X 1071? s 
D=11:3:K 109"; 7= 0.741 cm? g, p=1gem™ 


8.31 X 107x293 X 2.04 x 10739 
11.3% 10-7 (1—0.741X 1) 


16970 
The molecular weight obtained by this method is weight average. 


M= 


ll 


Light Scattering Method 


This method involves the measurement of the intensity of the light 
scattered by polymer solutions. The fraction of light scattered per cm 
length of the solution through which it passes is called the turbidity T. 
It is related to intensity J as 
= Io eT 

where To is the intensity of the incident light and Zis the length of the 
solution. Turbidities of different concentrations of solutions are deter- 
mined ina suitable solvent. The molecular weight can be determined 
by the equation derived by Debye: 

i C 1 

Maneg 
nt for a given polymer and a given dispersion 
ds upon the variation of refractive index ĉon- 
length of the light used. The plot of H C/T 
|M. This method gives the weight- 


where H is a consta 
medium, which depen 
centration and the wave 
against C is extrapolated to get 1 
average molecular weight. 


QUESTIONS 


Numerical Problems : a saath et 7 
i tal surface area ifacube of 1cm edge is divi ed into cubes 
23.1 U E 10-° cm? What will be the edge of a single cube of the 
wil re 


e surface area ? 
` 23.2 E sol contains 0.24 g of gold per litre.. When 107‘ m? samples was Sze- 


oe under an ultramicroscope, on an average, 12 particles could be count- 
wt Calculate the particle size if these are assumed to be spherical and the 
ed. 


density of gold is 19.3 g cm~’. 
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23.3 


23.4 


23.5 


23.6 


23.8 


23.9 


23.10 


Calculate the surface area of a colloidal dispersion containing aed at 
substance of density 46if the particles are assumed to be spheric 

radii of 25 nm. eae. 
A mercury sol has been prepared by dispersing 9.272 g of mercury: 1D £ a 
solution, giving spherical particles of radius 12 nm. What is the total surfa 
area of Hg particles present in 1 cm? of sol ? , 
The displacement of a particle in the x direction is observed under a micro- 
scope every 100s. The following displacements were observed: 27) 
(—S.4, +3.5, —2, —0.5, +0.6, +3.2, —0.3, —3.6,.+1.5, +0.4, —1.1, pee 
x10-*cm. Determine the root mean square displacement x? and the partic g 
size, if k = 1.38x 10- erg molecule-1 K-1, T=300 K and =0.0105 polse. 
The flocculation valuc of BaCl, for negative silver iodide sol is 2.43. How 


many ml of 0.2 M BaCl, will be sufficient to start the coagulation of 400 ml 
of sol? 


A polymer sample has 50 and 100 g of polymers of molecular weight 12500 
and 15000. Determine the number -and weight-average molecular weights 
of the sample. 

A sample of polymer is dissolved in chlorobenzene and the osmotic pressure 


at various concentrations measured in terms of the height of chlorobenzene 


at 25°C. The density of chlorobenzene is 1.1 g cm~, The following data 
have been obtained. 


Concentration (g 173) 1.90 


2.83 3.76 5.66 
h(cm of chlorobenzene) 0,19 


0.34 0.51 0.95 
Pepsin has a molecular weight of 35500 and its specific volume is 0.750 cm? 
8-1. Its sedimentation constant in water at 20°C is 3.3x 10-12 s. Determine its 
diffusion coefficient in water at 20°C. 

A polymer of molecular weight 140,000 has a specific volume of 0.8 cm? me 
in a given solvent. A solution of the Polymer of density 1.05 gcm7, is 


placed in an ultracentrifuge cell at 27°C and rotated at 10,000 rpm. Calcu- 
late the ratio of the concentrations of polymer at 5 and 5.2 cm. 


QUIZ QUESTIONS 


Type A: Multiple Choice 


23.11 


23.12 


23,13 


23.14 


A system is said to be in the Colloidal state if the particle size of the dis- 
persed phase ranges from 

G) Itoi (b) 10to 100A 

(©) 10 to 10000 £ (d) 1000 to 10000 A 


Which of the following st 
(a) The colloidal particl 
(b) These are generally 
(c) These are more stab 


ing is the cause of Brownian movement of colloidal 
Particles ? 

(a) convection currents in the fluid 

(b) bombardment by the mo 
(c) settling of dispersed pha 
(d) thermal gradient in the 
Colloids can be purified by 
(a) peptization 

(b) coagulation 


lecules of the dispersion medium 
se under gravity 
medium 


23.15 


23.16 


23.17 


23.18 


23.19 


23.20 


23.21 


23.22 


23.23 


23.24 
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(c) the Bredig arc method 
(d) dialysis 
Which of the following colligative, properties can be used to characterize 
colloidal particles : 
(a) lowering in vapour pressure 
(b) elevation in boiling point 
(c) depression in freezing point 
(d) osmotic pressure 
The process of removing dissolved impurities from a colloidal system, b 
means of diffusion through a suitable membrane under the influence F 7 
electric field, is called puan 
(a) electrosmosis (b) electrodialysis 
(c) electrophoresis (d) peptization 
The migration of positively charged colloidal particles, und 

er an i 
field, towards the cathode is called i electrical 


(a) cataphoresis (b) electrosmosis 
(c) sedimentation (d) electrodialysis 
Smoke is a dispersion of 

(a) gas in gas (b) gas in solid 
(c) solid in gas (d) liquid in gas 
In the process of electrosmosis 


(a) colloidal particles move towards the electrodes 

(b) both, colloidal particles and dispersion medium, move 

(c) only dispersion medium moves to carry the current 

(d) positively charged colloidal particles move, but negatively charged 
particles remain stationary 

When a strong beam of light is passed through - a colloidal solution, the light 

will 2 z 

(a) be reflected (b) be scattered 

(c) pass unchanged (d) be dispersed 

Which of the following electrolytes will be most effective in the coagulation 

of arsenious sulphide sol ? 

(a) NaNOs (b) MgSO, 

(c) AIPO, (d) K,[Fe(CN)c] 

The stabilization of the dispersed phase in a lyophobic sol is due to 

(a) liking for the dispersion medium 

(b) the surface tension of the medium 

(c) the formation of an electrical layer between the two phases 

(d) the viscosity of the medium 

Which of the following will be most effective in the coagulation of 


Fe(CHy so (b) Meso, 
1 B504 
(a) NaC (d) AlCl 


(O) Mg:(PO,)s 

y -di by mixing KI and AgNO; solutions with 

r iodide sol was prepared | 1 

eer in slight excess. Which of the following descriptions is correct 
regarding the sol particles ? 
(a) negatively charged because of the excess of NO-; ions 
(b) positively charged because of the excess of Agt ions in the Agl lattice 
(c) negatively charged because I- ions are adsorbed from the KI solution 


(d) neutral 
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23.25 


23.26 


23.27 


23.28 


23.29 


23.30 


23.31 


23.32 


23.33 


23.34 


An emulsifier is an agent which 
(a)_ stabilizes an emulsion 
(b) homogenises an emulsion 
(c) causes coagulation of an emulsion 
(d) helps in the formation of an emulsion 
A colloidal system in which a liquid is dispersed in a solid is called a/an 
(a) emulsion (b) sol 
(c) gel (d) precipitate 
The gold numbers of some hydrophilic substances are: 
gelatin 0.005-0.01 
egg albumen 0.08-0.10 
gum arabic 0.10-0.15 
soluble starch 10-15 
which of these will act best as a protective colloid ? 
(a) gelatin (b) egg albumen 
(c) soluble starch (d) gum arabic 
The Tyndall effect was used by Zsigmondy to devise 
(a) the ultramicroscope 
(b) the ultracentrifuge 
(c) the osmometer 
(d) electrodialysis 


Which of the following can act as a protective colloid ? 
(a) gelatin 

(b) silica gel 

(c) oil-in-water emulsion 

(d) all three 


The process of passin 


& Of a precipitate into colloidal solution, on adding 2" 
_ electrolyte, is called : 


(a) dialysis ; (b) peptization 
(c) electrophoresis (d) electrosmosis 
The Tyndall effect is not observed in 
(a) suspensions 

(b) emulsions 

(c) colloidal solutions 

(d) true solutions 

The colloidal solution of arsenic sulphide prefers to absorb 
(a) NO,- (b) K+ 

(c) sê- 


(c) [Sn0;]Snt+ ; O1- 
(d) [Sn0:]Na+ : OH- 
Which of the following statements i 7 
1 s not i ry 
of charge on colloidal Particles ? Pela i ter sts a 


inity of the colloid i o ran excess 
of counter ions. al particles there is 


(©) The greater the concentration and charge of ions in the diffused electrical 
double layer, the largi 


er is the thickness of the layer. 


23.35 


23,36 


23.37 


23.38 


23.39 


23.40 


23.41 
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(d) At large distances from the colloidal particles, the concentrations of 
co-ions and counter-ions are almost equal. 

In emulsions, the dispersed phase and the dispersion medium are 
(a) both solids ; 
(b) both liquids 
(c) both gases 
(d) phase is liquid and medium is solid 
If m, m2, 3... are the number of molecules with molecular weights My, 
M:, Ms,..., respectively, then the weight-average molecular weight is 
(a) mM +-tgM 3? -+13M32+- .., 

Mm+ne+Ms+ 2. 
b) nyM,?-+naM2?-+-1nsMy?+ ... 
( mMi+naMa+nsM3+ ... 
(c) Mèt +M: +M... 

nitnatns+ ... 
(d) mM, +nMa+isMs+ . 
M+ne+nms+ +. 

Which of the following methods gives the number-average molecular weight 
of a polymer? i 
(a) light scattering method 
(b) osmotic method 
(c) sedimentation equilibrium method 
(d) viscosity method 
Which of the following is a natural polymer 
(a) nylon (b) leucite 
(c) cellulose (d) polystyrene 
Which of the following statements is not correct regarding the structure 
of DNA ? 
(a) it has a double helix structure 
(b) there are hydrogen bonds in its structure 
(c) unlike RNA, there is no fixed ratio of bases in DNA > 
(d) the code for protein synthesis is given by the sequence of bases in DNA 


For monodisperse systems, E e. 
(a) M, > Mw b) My, > Ma 

O) M, =~» (d) M, > My 

The following distribution of molecular weights has been foun 
sample 


5 10 10 10 20 5 5 
i 1000 2000 5000 10000 12000 15000 20000 


dina polymer 


The number-average molecular weight is 
50004-20000 +50060-;-100000 +240000750000 4-100000 
65 


(a) 


10004+2000+5000-+-10000+ 12000-+-15000-+20000 
Cb). Ser he EN 


00)2-+ 10(2000)*-+-10(5000)*-+-10(10000)* 
ari 2500038 +-5(15000)*-+5(2000)* 
Os 65 
5(1000)?-+-10(2000)*+ 10(5000)*-+ 16(10000)?-+-20(12600)= 
+-5(15000)2+-5(2000)* 
5x 10v0-+10 x 2000+ 10 x 5000+10 x 1000020 x 12000+-5 x 15000-+-5 x 20000 


> 


(d 
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23.42 


23.43 


23.44 


23.45 


The intrinsic viscosity is related to the molecular weignt (M) by the relation 
(k and « are constants) 


(a) nmt = kM (b) qint/M = Ka 

(c) mint = kM ex (d) hint = kexM - 

Which of the following methods does not give the weight-average molecular 
weight ? 

(a) sedimentation equilibrium 

(b) sedimentation velocity 

(c) light scattering 

(d) osmotic method 

In the osmotic method for the determin 
mers, molecular weight can be calculate 
(a) = versus c graph 

(c) =/c versus RT/M graph 

A colloidal system in which bot 
are liquid is 


(a) smoke (b) emulsion 
(c) whipped cream - (d) mist 


ation of molecular weight of poly- 
d from the intercept of the 

(b) z/c versus c graph 

(d) x/e versus I/M graph 


h the dispersion phase and dispersed phase 


Type C: True or False 5 


23.46 
23.47 


23.48 
23.49 


23.50 
23.51 


23.52 


23.53 
23.54 
23.55 
23.56 
23.57 
23.58 


23.59 


23.60 The light scattering met 


In colloidal dispersions, the 
lies in the range 1 my to 1 p. 
The Bredig arc method is 
sols of metals, 


Brownian moyement of colloidal particles is due to convection currents if 
the fluid, 


Size of the particles of the dispersed medium 


Particularly suitable for Preparing colloidal 


Colloidal systems in which b 
are liquids are called gels, 
The osmotic pressure meth 
of a polymer, 


Intrinsic viscosity is the reduced viscosity when concentration approaches 
zero, 


Except for monodisperse Systems, the 
than the number-average Molecular we 
Lyophilic sols are stable due 
and solvent molecules, 


od gives the number-average molecular weight 


Weight-average molecular weight is less 
ight, 


to strong interactions between colloidal particles 


Lyophobic sols, in Contrast to lyophilic Sols 
tion of small amounts of electrolytes, : 


Oil-in-water type emulsions generally have low conductance yalues as com- 
pared to those of water-in-oil] type emulsions 


hod gives the Weight-average molecular weight. 
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\ 
Type C: Fill in the Blanks 
23.61 The protective power of Protecting colloids is described in terms of the 


23.62 Substances which make emulsions stabler are called ———. - 

23.63 The flocculation value ——— as the charge on the cation increases, 
for negatively charged colloids. 3 

23.64 The —————— average molecular weight gives too much weightage to 
lower molecular weight species. 

23.65 The migration of colloidal particles, under electrical fields, towards the 
electrodes is called ——— 5 

23.66 Colloidal dispersions in which the dispersion medium is liquid are called 

23.67 Colloidal particles exhibit —————— due to scattering of light, 

23.68 Smoke is a dispersion of —~———— jn ———_____. 

23.69 The number-average molecular weight of a polymer can be obtained by the 
———_——-— method. 

23.70 Ifa sol is prepared by peptising a freshly formed precipitate of stannic oxide 
with a small amount of hydrochloric acid, the diffused layer will contain an 
excess of —————\— charged ions. 


ANSWERS 


Numerical Problems 

23.1 6x10°cm*, edge of the cube = 10? cm 23.2 120nm 23.3 59.97% 10¢ cm 
23.4 25.01 cm? 23,5 <x*> = 6.68x10-4cem, r= 9.38x10-5cm 23.6 1.95 ml 
23.7 My = 1406.25 and My= 14167 23.8 M,=395878 23.9 D=9x 10-7 cm? s-i 
23:10 C2/Cy = 1,775 

Quiz Questions 

23.11 (c) 23.12 (d) 23.13 (b) 23.14 (d) 23.15 (d) 23.16 (b) 23.17 (a) 
23.18 (c) 23.19 (c) 23.20 (b) 23.21 (c) 23.22 (c) 23,23 (c) 23.24 (b) 
23.25 (a) 23.26 (c) 23.27 (a) 23.28 (a) 23.29 (a) 23.30 (b) 23.31 (d) 
23.32 (c) 23.33 (b) 23.34 (c) 23.35 (b) 23.36 (c) 23.37 (b) 23.38 (c) 
23.39 (c) 23.40 (c) 23.41 (a) 23.42 (a) 23.43 (d) 23.44 (b) 23.45 (b) 
23.46 True 23.47 True 23.48 False 23.49 False 23.50 True 23.51 True 
23.52 False 23.53 True 23.54 True 23.55 False 23.56 True 23.57 -True 
23,58 True 23.59 False 23.60 False 23.61 gold number 23.62 emulsifiers 
23.63 decreases 23.64 number 23.65 electrophoresis 23.66 sols 23,67 Tyndall 
effect 23.68 solid, gas 23.69 osmotic pressure 23.70 negatively 
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SOME IMPORTANT FUNDAMENTAL CONSTANTS 


Quantity Symbol Value 
1. Atomic mass unit My 1.66056 x 10-*7 kg 
2. Avogadro number Na 6.02205 x10 mol-1 
3. Boltzmann constant ky 1.38066 x 10-23 J K-2 
4. Elementary charge e 1.60219 x 10-2°C 
5. Faraday constant F 9.64846 x 101 C mol-1 
6. Gas constant R 8.31441 J K-1 mol-1 
7. Gravitational constant G 6.6723 x 10-12 N m2kg-? 
8. Mass of electron me 9.10953 x 10-9! kg 
9. Mass of proton m, 1.67265 x 10-27 kg 
10. Mass of neutron My, 1.67495 x 10-27 kg 
11. Planck’s constant h 6.626 x 10-34 J s 
12. Rydberg constant R, 1.09737 x 105 cm-2 
13. Speed of light in vacuum. c 2.997925 x 108 m s7} 
14. Vacuum permittivity €o 8:85419 x 10-12. J=1 cm? m7? 
LIST OF PREFIXES 
Factor Symbol Name Factor Symbol Name 
ae e ea 
10-1 a deci” 10 da geca 
10-? c centi 102 A hecto 
10-3 m milli 102 k kilo 
10-° micro 10° M mesa 
10-9 n nano 10° G giga 
10-32 P pico 1012 T tera 
10-15 f femto 1015 P peta 
Lons a atto 1018 E exa 
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THE DERIVED SI UNITS OF SELECTED PHYSICAL QUANTITIES 


Physical quantity Name Symbol for Definition of SI 
SI unit unit 

Force newton N kg misss 
Pressure pascal Pa kg m-!s-2=N m-? 
Energy joule J kg m?s-2 
Power watt w kg m2s~3=J s-1 
Electric charge coulomb fo! As 
Electric potential differenc volt v kg m%s-2A-1=J A-ts-2 
Electric resistance ohm kg m%s-8A-2:=V A-1 
Electric conductance siemens S kg-1m-1s"Ą2=V-1 A 
Electric capacitance farad F A’stkg-'m-2=A s V-! 
Magnetic flux weber Wb kg m*s~1=A-1V is 
Inductance henry H kg m?s-2A-2=V. A-is 
Magnetic fux density tesla Mt} kg s-2?A-2V= s m-2 
Luminous flux lumen Lm Cd sr - 
Illumination lux Lx Cd sr m~? 

hertz Hz are 


Frequency 


Index 


Abnormal colligative properties of solu- Atomic orbital 375 


tions 227 Atomic spectra 363 
Absolute velocity 279 fom ene 350 sae 
Absorption coefficient 476 AR Aa Sd 
Absorption of light 474 PEE : rae 
Absorption spectra 363 alysis 

Acid-base catalysis 462 Average speed 18 
Acid-base equilibria 296 Avogadro number 8 
Acid-base indicators 314 Avogadro's law 7, 16 
Acid-base titration 316 Azeotropes 201 


Activated complex 458 
Activation, energy of 454, 458 
Activity 138 Balmer series 369 
Activity coefficient and emf 138, 346 Band model 407 


Azimuthal quantum number 376 


Adiabatic expansion 65 Bases 296 
Adiabatic process 58 Beer’slaw 476 mA 
Adsorbate and adsorbent 493 Berkley and Hartley’s method 2 


Adsorption 493 Berthelot equation 43 
and absorption 493 Bioluminescence 481 
physical and chemical 494 ` Black body radiation 364 
from multicomponent adsorbate 502 Bohr theory of hydrogen atom ‘367 
from solutions 501 Bohr velocity of hydrogen atom 368 
Adsorption isotherm 496 Bohr radius of hydrogen atom 368 
BET 500 Boiling point, elevation of 221 
Freundlich 496 Boltzmann constant 11 
Langmuir 496 Bond, chemical 394 


Amalgam electrodes 333 Bond energy $2 

Ammonia 125, 130 Bond enthalpy 92 
Amplitude 362 Bonding orbital 403 
Angular momentum of electrons 367 Born-Haber cycle 392 
Angular wave function 375 . Born-Lande’ equation 395 
Anharmonicity 422 Boyle’s law ; ag ls) 
Antibonding orbitals 403 Brackett series 369 


Arrhenius’ theory of acids and base 296 Bronsted-Lowry concept 296 
Arrhenius equation 454 Brownian motion 513 
Arrhenius theory of ionization 295 Buffer action 309 
Association of solutions 228 


Capacity 310 
Atom 1 solutions 309 
Atomic model 
of Bohr 367 Calcium fluoride-Calcium chloride 
of Rutherford 360 * system 252 
Atomic nucleus 360 Calomel electrode 342 
Atomic number 361 


Canonical structure 402 


Capillary rise method 176 
Carnot’s cycle 103 
Carnot engine, efficiency of 105 
Carnot’s cycle and entropy 106 
Catalysis 461 

acid-base 462 

autocatalysis 461 

characteristics of 461 

enzyme Catalysis 462 

heterogenous 463 

homogeneous 462 

inhibitor 461 

promoter 461 
Catalytic poisons 461, 504 
Cell constant 270 
Cell emf 333 
Centrifugal distortion constant 419 
Chain reactions 457 
Charles law 7, 16 
Chemical bond 394 

types of 395 
Chemical equilibrium 

characteristics 149 

law of 149 
Chemical potential 134 

dependence on pressure 

temperature 136 

Chemiluminescence 481 
Chemisorption 494 
Clapeyron equation 488 
Clausius equation 43 
Clausius-Clapeyron equation 174 
Coagulation of colloids 515 
Colligative properties 218 

in special cases 227 
Collision frequency 20 

effect of temperature and pressure 

21 

number 20 
Collision theory of reaction rates 459 
Colloids 509 

coagulation of 515 

characteristics of 509 

lyophilic 511 

lyophobic 511 

preparation of 512 

properties of 513 

protection of 517 

purification of 512 
Combustion, enthalpy of 89 
Common crystal structures 398 


Common ion effect 307 


149 


and 
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Complex reactions 456 
Components 242 
Compressibility factor 41 
Concentration cells 347 

with liquid function 347 
Concentration polarization 349 
Concurrent reactions 456 
Condensation of gases 45 
Conductance 269 
Conductance, applications of 280 

degree of dissociation 280 

equivalent 270 

-molar 270 

specific 269 

solubility of sparingly soluble: salts 

280 

Conductivity cell 270 
Conductometric titrations 281 
Conjugate acids and bases 297 
Consecutive reactions 457 
Consolute temperature 201 
Cooling curves 247 
Coordinate bond 406 
Corresponding states equation 46 
Covalent bond 399 

sigma 399 

pi 399 

waye mechanical interpretation 400 
Critical constants 45 

and Van der Waal’s constants 45 
Critical pressure 45 

temperature 45 

volume 45 


Cryoscopic constant 223 ‘ 
Crystal structures 398 
Cyclic process 58, 103 


Dalton’s law of partial pressure 8 
Daniell cell “332 
De Broglie’s equation 372 
Degree of freedom 242 
Degree of hydrolysis 311 
Depression in freezing point 223 
determination of 224 
Depopulation of excited state 480 
Dialysis 512 
Dieterici’s equation 43 
Dipole moment 406 
Dissociation constant 295, 296 
Dissociation equilibria 
of acids and bases 298 
of acids in water 298 
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bases in water 3900 


Emulsifiers 517 
of polyacidic bases 305 


Emulsions 517 


of poly basic acids 301 Energy 59 
of water 305 Energy levels in molecules 416 
Distribution law, Nernst 206 Enthalpy 62 


Distribution of molecular speeds 17 
Drop weight method 284: 
Dropping mercury electrode 349 
Dual nature of matter 372 

Dulong and Petit’s law 336 

Du Nouy’s tensiometer 177 


offormation 88 
of combustion 89 
of neutralization 89 
of solution 88 
of hydration 90 
of vaporization 174 
Entropy 105 - 
change in some processes 108 
change in chemical reactions 111 


Ebullioscopic constant 221 
Effective nuclear charge 382 
Efficiency of carnot engine 105 


and partition function 431 
Effusion of gases 8 physical meaning 112 i 
Eigenfunctions 374 and third law of thermodynamics 
Eigenvalues 374 112 
~ Einstein 474 Equation of state 10 
Electrochemical cel] 332 for real gases 43 
Electrical double layer 515 ‘Equilibrium, chemical 149 
Electrode 333 Constant 149 
Electrode potential 334 different forms 150 
Electrodialysis 513 free energy and 154 
Electrolyte 295 temperature dependence 154 
Electrolytic polarization 348 in homogeneous and heterogeneous 
Electromotive force 333 ý reactions 158 
and electrode potentials 334 multiphase system 242 
equilibrium constant 341 x Equivalent conductance 270 
solubility product 345 ; Evotos relation 176 
Conventions regarding cell reactions Exact differential 61 
334 | Exclusion Principle 380 
Ree ee of 339 : Exchange energy 401 
etermination of activity coefficients Excited state 478 
346 Excluded volume 51 
standard 335 ie Extensive properties 58 
Electromagnetic radiations 361 Extinction coefficient 476 
Electromagnetic spectra 362 


Electron 360 
Electronegativity and polarity 404 
Electronic Configuration of elements 


Ferric chloride-water system 252 
First law of thermodynamic 61 


First order reactions 416 
380 Flocculation 515 
spectra 424 Fluorescene 481 
states 479 Force constant 422 
Electro-osmosis 515 Fractional life period 450 
Electrophoresis 515 Franck-Condon principle 480 
Electron sea model 407 Free energy 128 
Elevation of boiling point 221 Freezing point depression 223 ae 
measurement of 221 Freezing point depression, determin 
Landsberger’s method 221 tion of 224 
Cottrel’s method 222 Frequency 361 
Emission spectra 363 


Frequency separation 418 


Freundlich adsorption isotherm 496 
Fugacity 136 
determination of real gases 137 
change with pressure and tempera- 
ture 137 
Fundamental 
atoms 360 


particles constituting 


Galvanic cells 332 
Gas 7 
constant 10 
collision frequency 20. 
compressibility of 208 
distribution of molecular speeds 17 
equation 10 
heat capacity of 23 
laws 7 
liquefaction of 238 
kinetic energy and temperature 15. 
kinetic gas equation 13 
kinetic theory of 13 
mean free path 20 
molar mass of ideal gas 11 
thermal conductivity of 25 
viscosity of 24 
Gas electrode 333 
Gel 517 
Gibbs-Duhem relation 135 
Gibbs’ free energy 128, 130 
Gibbs free energy of formation 130 
dependence on temperature 132 
dependence on pressure 133 
Gibbs-Helmholtz equation 132 
Glass electrode 343 
Gold number 517 
Graham’s law of effusion 8 
Grotthus-Draper law 475 
Gulberg’s rule 175 


Half cell 332, 333 
Half-life, period 450 
Hardy-Schulze rule 516 
Heat 59 
Heat capacity 62 

of gases 23 
Heisenberg’s uncertainty principle. 373 
Helmholtz free energy 128 
Henderson equation 310 
Henry’slaw 204 
Henry’s constant 204 

and Raoults laws 204 
Heterogeneous catalysis. 502 

kinetics of 502 
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Heterogeneous equilibrium. 158 
Hess's law 87 
Hittorf’s method 275 
Homogeneous equilibrium 158 
Hund’s rule 380 
Hydrogen bond 408 
intermolecular 408 
intramolecular 409 
Hydrogen electrode 342 
Hydrolysis 311 
constant 311 


Ideal gas: 11 
Ideal solutions 196 

thermodynamic properties 196 
Incongruent melting point 252 
Independent migration of ions 273 
Indicators 314 
Inert metal electrode 333 
Intensive properties 58 
Interfacial tension 177 
Internalconyersion 481 
Internal energy 60 
Intersystem crossing 481 
Inversion temperature 68 
Tonic equilibrium 295 

mobility 279 

product of water 305 
Ionic bond 395 

lattice energy 395 

structure of compounds 397. 
Ionization constant 295, 296 
Ionization of water 305 
Isobaric process 58 
Isochoric process 58 
Isotherm, adsorption 496 
Isothermal isobasic expansion 65 
Isothermal process 58, 64 
Isotonic solutions 225 


Joule-Thomson coefficient 68 
effect 68 
Junction potential 347 
Kammerling-Onnes equation 43 
Kinetic theory of gases 13 
postulates of 13. 
gas equation 13 
energy and temperature 15 
gaslaws 15 
Kinetics of reactions 443 
Kirchhoff’s equation g5 
Kohlrausch’s law 273 


Lambert’s law 476 
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Langmuir adsorption isotherm 496 

Laplacian operator 374 

Lasers 485 

Lattice, energy of ionic Crystals 395 

LCAO 403 

Lead-silver system 249 

Le Chatelier’s principle 157 

Lewis concept of acids and bases 297 

Limiting equivalent Conductance 273 
ionic equivalent Conductance 278 

Line spectra 363 

Liquid junction potential 347 

Liquid state 174 

Liquid, surface tension of 175 
viscosity of 179 

Lowering of vapour Pressure 218 
determination of 219 

Lowry, acids and bases 296 

Lyman series 369 


Lyophilic and lyophobic sols 511 


Macromolecules 518 

Macroscopic and microsco 
System 430 

Madelung constant 395 

Magnetic quantum number 376 

Masers 485 

Mass number 361 

Maxwell's law of di 
cular speeds 17 

Mean free Path 20 

Metal-metal ion electrode 333 


Metal-meta] insoluble salt electrodes 
333 


pic states of 


stribution of mole- 


Metallic bond 407 
Molal freezing Point depression Point 
223 


Mola] elevation Constant 221 


Molal absorption coefficient 476 
Molar Conductance 270 


Molar extinction Coefficient 476 
Molar refraction 181 
Molality 194 
Molarity 194 
` Mole fraction 194 
Molecularity of a Teaction 444 
Molecular orbital 403 
orbital theory 403 
energy level diagram 404 
Molecular spectra 417 
Most probable speed 1g 
Moving boundary methcd 276 
Multi electron atoms 380 


Nernst’s distribution law 206 
solvent extraction 206 
Nernst equation 337 
Neutron 360 
Non-ideal gases 40 
solutions 199 
rotation 418 
Non-rigid rotation 418 
Normality 194 
Normalization constant 400 
Nucleus 360 


Ohm’slaw 269 

Optical activity 182 

Optical density 476 

Optical rotation 182 

Orbital 375 

Orbital approximation 375 

Order of reactions 445 
determination of 451 

Osmosis 225 a 

Osmotic pressure 225 26 

Osmotic pressure, determination of A 
Berkley and Hartley’s method 22 
Pfeffer’s method 226 

Osmotic Pressure, laws of 225 

Ostwald viscometer 180 

Overvoltage 349 

Oxidation halfreaction 332 


P-branch 421 
Parachor 177 
Parallel Teactions 456 
Partial molar quantities 134 
Partial pressure 8 
Dalton’s law of 8 
Partially miscible liquids 201 362 
Particle and wave nature of matter 
Partition coefficient function 432 
factorisation of 433 
thermodynamic properties 436 


tees ea tant 
Calculation of equilibrium cons 
439 


Paschen Series 369 

Pauli’s exclusion Principle 380 
Permittivity of medium 368 
Peritectic temperature 252 


4 jon 
Pfeffer, osmotic pressure determinati 
226 


Pfund Series 369 
PH 305, 342 
POH 306 
Phase 241 
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Phase diagram 248 Quantum theory 364 
of one-component systems 248 old 364 
of two-component systems 249 failures of old 371 
of three-component systems 256 Quentum yield 482 


Phase equilibrium in onè component Quinhydrone electrode 342 
system 244 


Phase rule 243 Radial wave function 375, 377 
Phosphorescence 481 Radiation 
Photochemical equivalence 476 absorption of 474 


electromagnetic 362 


reactions 484 
Radii-of hydrogen orbits 368 


Photochemistry 474 


laws of 475 Radius ratio rule 397 
Photoelectric effect -364 Raman spectra 425 
Photoelectrons 364 y Raoult’s law 196 
Photons 365 Rate constant 444 
Photochemical processes 481 Rate of reaction 443 


and concentration. 444 
factors influencing 444 
theories of 458 
and temperature 454 
Real gases 40 
Real solutions 199 
Refraction, molar 181 


Photophysical processes 481 

Photosensitized reactions 483 

Photosynthesis 484 

Physisorption 494 

Planck's constant 365 
quantum theory 365 


i ati 179 vets: 
se ee Refractive index 181 
Polarization 3 ’ Relative loweri f va 
e eolie BD fe lowering o. pour pressure 
t ra 50 poir 
B 349 determination of 219 
a apt 3 
Polymerization 518 Peronas eee 58 
molecular weights of 518 = aan $ PE OGS p 
ber overage 519 Řeversible adiabatic expansion 65 
Aen overage 519 Reverse osmosis 226 
e1g. a . é 
Potassium-water system 250 Be soa eis 
Potential, electrode _ 333 R, gat onan! 10 
liquid junction 347 Root mean square speed 18 
Prefixes 4 Rotational spectra 417 
Probability density 377. IA constant 418 
Probability of MIC OsCOple state Russel-Saunders coupling 382 
Pressure, critical 45 Rutherford’s nuclear model 360 
artial 8 dberg constant 
Principal quantum number 376 “ Ry Sbere Cou tan 302 
Process 58 odi 7 . 
A 5 Schrodinger wave equation 374 
e d 517 
ae ae i Screening effect 382 
roro, Second law of thermodynamics 107 
Sedimentation equilibrium 524 
Q-branch 421 method 521 
Quantum 365 velocity methods 521 
Quantum numbers 376 coefficient 522 
angular 376 Shapes of orbitals 378 
magnetic 376 s-orbitals 378 
principal 376 p-orbitals 379 


spin 377 d-orbitals 379 
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f-orbitals 380 
Singlet state 478 
Slaterrules 382 
Snell’slaw 181 
Sodium sulphate-water system 253 
Solubility of gas in liquids ‘204 
Solubility product 317 
and precipitation 318 
Solutions 194 
methods of expressing Concentration 
194 
Solubility of gas in liquid 204 
Solubility of partially miscibje liquids 
201 
Specific conductance 269 
Specific refraction 181 
Specific ion electrode 344 
Specific resistance 269 
Spectra atomic 363 
Spectral lines, frequency of 369 
Spectral series 369 
Speed average 18 
most probable 1 
rms 18 = 
Spontaneity, Criteria of 129 
Spin quantum number 377 
Standard enthalpy of formation 88 
Standard electrode Potentia] 335 
Standard State, choice of 138 
States of system 57 
Statistical thermodynamics 430 
Steady state hypothesis 460 
Stark-Einstein’s law 476 
Steam distillation 201 
Sulphur system (phase diagram) 249 
Surface active agents 177 
Surface free energy 176 
Surface tension 175 
and chemica] Constitution 177 
Surface tension determination 176 
capillary rise method 
drop formation method 176 
System 57 
Thermal Conductivity of Bases 25 
Thermochemistry 84 
Thermodynamics, first 
Second law of 107 
thitd law of 112 
Third law of thermodynamics 112 


law of 64 


Three component systems 256 

Threshold frequency 365 

Transport number 275 
determination 275 ae 
and equivalent conductance 

Transition state theory 458 

Triple point 218 

Triplet state 478 

Trouton’s rule 175 

Two-component systems 249 

Tyndal effect 513 


Ultrafiltration 513 

Uncertainty Principle 373 

Units 1 
derived 3 
2 ' 
wats commonly used non-SI Units 
and their conyersion 5 

Universal gas Constant 10 


Valence bond theory 400 
Van der Waal’s constants 41 
Van der Waals’ equation 41 
Vant’s Hoff equation 154 
Van’t Hoff’s law 225 
Van’t Hoff factor 228 
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